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ABSTRACT: This paper presents the first application of a suite of three-dimensional (3D) NMR techniques for
the characterization of complex microstructures in hydrocarbon-based terpolymers. The 3D-NMR experiments
are used to disperse and assign tHeand 13C resonances ofC-labeled poly(ethylenee-1,2,3-13Cs-n-butyl
acrylateeo-carbon monoxide). The one-dimensional (1D) and two-dimensional 2D-NMR spectra of the complex
mixture of structures in this polymer are far too complex to interpret. Sele€84abeling of all or one carbon

in a monomer and use of shaped pulses (which treat the resonances from the #¥beledf they were from a

third NMR active nucleus) along with 3D-NMR is a solution to this complex problem as it greatly simplifies the
spectra by dispersing the resonances into a third dimension and provides atomic connectivity information among
three different nuclei. This paper represents the first demonstration of new 3D-NMR methodology for determining
structures and resonance assignments of complex hydrocarbon-based structures and mixtures.

Introduction In such cases, two-dimensional (2D) NMR provides additional

Nuclear magnetic resonance (NMR) Spectroscopy is a very diSperSion in the second dimension, which helps to resolve
sensitive method for determining the microstructure, monomer Overlapping peaks in 1D-NMRThe unique occurrence of peaks
sequence, and stereosequence distributions of synthetic polyat the intersection of two resonance frequencies also yields
mers. One-dimensional (1D) NMR, especialf¢ NMR, has atomic connectivity information, which provide unambiguous
been used for decades to analyze polymer microstructures as ifeésonance assignments. The use of pulsed field gradient (PFG)
generally gives well-resolved narrow lines from unique struc- and higher field spectrometers has made 2D-NMR a more
tures. The sensitivity of'3C chemical shifts to structural ~Powerful tool as they efficiently remove the unwanted signals
differences in polymer repeat unit sequences of lengths from and reduce dynamic range problems. These techniques helped
two to as many as seven (|n some cases resonances can b@ detect and Identlfy the resonances from minor Components
resolved from sequences that differ up to five monomer units Of synthetic polymers such as chain ends and short chain
away) form the basis of its success as an analytical tool. The branches. Recently, Liu et &f.and Sahoo et & have applied
advent of higher field spectrometers made it possible to observehigh-temperature 1D- and 2D-NMR to obtain unambiguous
resolved lines from longer configurational sequences in the resonance assignment and tacticity information from ethylene/
spectra of a number of systems. Quantitative determination of 1-alkene polymers. Combinations of different 2D-NMR tech-
the microstructures becomes possible because, unlike most form#iques, such as heteronuclear single quantum coherence (HSQC)
of spectroscopy which require calibrations, a one-to-one rela- spectroscopy and heteronuclear multiple bond correlation
tionship exists between intensity and number structures for all (HMBC) spectroscopy provide unambiguous structure identi-
resonances in the NMR spectrum. The determination of polymer fication and resonance assignments. Combined use of several
stereosequence distributions, comonomer sequence distributions2D-NMR experiments has become a routine procedure for
average sequence lengths, structure and distributions of shorcharacterizing homo- and copolymers. However, very little work
chain branches, and analyses of end groups become possibl8as been done on the thorough characterization of polymers
from innovative applications ofC NMR.! synthesized from three or more monomers. The spectra of many

However, successful analyses by NMR techniques require terpolymers, for example, have peaks that are not well resolved
that the lines are assigned to specific sequences/structures ifeven in 2D-NMR spectra. The mixture of structures resulting
the polymers. Empirical resonance assignment techniques, whicHrom the many possible permutations of three different monomer
were initially used, are based on theoretical chemical shift units in triad sequences makes the spectra from such terpolymers
calculations, comparison of relative intensities of resonancesvery complex. Unambiguous assignments of individual reso-
based on reaction probabilities, synthesis of model structures,nances often become impossible using established methods. The
and statistical methods. These methods, although found to becomplexity further increases if additional structures are possible
successful in determining monomer and stereosequence distribufrom various side reactiohsaind from stereosequence effects.

tion, are often tedious and can introduce significant errors and  Three-dimensional (3D) NMR is a more recent technique,
ambiguity in cases where copolymer analyses are performedwhich can provide a solution to these problems. Triple-resonance
on complex spectra. H/C/X 3D-NMR techniques have been used to simplify the
spectra of complex polymers by dispersing fie-13C cor-
* Corresponding .author. E-mail: peterrinaldi@uakron.edu. Telephone: related 2D-NMR resonances into a third (X-nucleus chemical
339?{5'323%&2}‘5f3§8;§§.2'5256' shift) dimension:® The spectral simplification and atomic

*E. I. DuPont De Nemours and Co. connectivity information obtained from 3D-NMR lead to
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Table 1. Possible Triad Sequences for PolyEBC Table 2. Compositions of PolyEBC Samples
E-centered B-centered C-centered mol% mol% mol %
EEE BBB (3) cce polymer B monomer E B C
EEB/BEE EBB/BBE (2) ECCI/CCE polyEBC ~ CH=CHCQO,—n-C4Hg 66 8 26
BEC EBE ECE polyEB*IC  CH;=CH?CO,—n-CsHg 66 4 30
CEB CBB (2) BCC polyEB*2C  CH,=13CHCQ,—n-C4Hs 62 7 31
CEE/EEC BBC (2) CCB polyEB*C  13CH=CHCO,—n-C4Hgy 65 9 26
CEC CBC BCB (2)

EBC ECB

co-2-13C-n-butyl acrylateeo-carbon monoxide) obtained from
2-13C-n-butyl acrylate (polyEB2C) and poly(ethyleneo-1-13C-
structural identification and unambiguous resonance assign-n-outy! acrylatee(}carb*on monoxide) obtained from'¥c-n-
ments. These techniques have been applied to study thebutyl acrylate (polyEB*C) to selectlv_ely detect and assign the
structures and stereosequence distributions of a variety off€Sonances of B-centered pentads in poly(EBC). By using the
fluoropolymers?-13to identify resonances from the chain ends selective enhancement and spectral simplification provided by
formed by diphenylphosphiny! radical initiated styrene polym- sele_:ctive labeling, they were succe_ssful in confirming the prior
erizatiod* and trin-butyltin-capped polybutadierg,and to assignments made from NMR studies of unlabeled poI_ymer and
characterize the structures and tacticities of polysiftnasd were able to detect some new resonances from species present
polycarbosilane® All of these applications are based on the N low concentration. Using a similar strategy, Al-Amri efal.
presence of a heteroatom (X) such®#, 1F, 29Si, or 119Sn in used IH-13C HMBC 2D-NMR to detect and assign the
the polymer. Unfortunately, most of the synthetic polymers of ésonances of C-centered pentads in poly(ethytere-butyl
research and commercial significance are hydrocarbon-basecCrylateeo-1“C-carbon monoxide) obtained froifC-carbon
and lack a third NMR active nucleus: hence, HCX 3D-NMR Monoxide (polyEBC*). However, spectral complexity still

CBE BCE

methods are not applicable in such systems. hindered the resolution and assignment of many resonances in
In this paper, the application of a recently described suite of their spectra. _ _ _
multidimensional NMR experimeris for characterizing Triple-resonance 3D-NMR combined with selectiVéC-

hydrocarbon-based polymer structures is described. Thesd@Peling is a solution to this problem as it greatly simplifies the
methods involve the use of selecti#€-labeling of the polymer ~ SPectra by dispersing the signals into a third dimension and gives
and selective excitatidh of the resonances from the labeled the atomic connectivity information among three different nuclei.
site (as if they were from a third NMR-active X-nucleus) to Incorporation of'*C-labeledn-butyl acrylate (B*) monomers
produce greatly simplified 3D-NMR spectra. Application of the €nhances B-centereslad resonances so that resonances from
methodology, analogous to that used for studying protein ©Nly one-third of the structures are observed, producing further
structures, is illustrated for studying polymers using a sample SPectral simplification. Here application of 3D-NMR on poly-
of 13C-labeled poly(ethylenee-1,2,333Cz-n-butyl acrylateeo- (EB*C) permits selection and identification of resonances for
carbon monoxide) (polyEB*C) prepared from 1,2%5-n-butyl ~ the structures with*C-labeled B* units.

acrylate {FCH,=13CH—13CO,—n-C4Hg). The 1D- and 2D-NMR
spectra of this terpolymer are very complex because of the large _
number of possible-ads produced by both monomer- and  Preparation of *3C-Labeled Poly(EBC) Samples for NMR

stereo-sequence effects as well as the presence of branchingnalysis. Three selectively*C-labeled polymers were prepared:
structures produced by backbiting reactiéns. one from>99%1-1*C-n-butyl acrylate (CH=CH!*CO,~n-C,Hy),

: . : ... the second fron®99% 233C-n-butyl acrylate (CH=CHCO,—
 This polymer is composed of three different monomer Unis: ' )"ang the third from=99% 1,2,3Cembutyl acrylate
the permutations of triads are listed in Table 1. If polymerization (13CH,=13CHCO,~n-C,Hg). The resulting polymers are desig-

is assumed to occur solely in a head-to-tail manner, up to 27 pateq by the acronyms polyEBZ, polyEB®C, and polyEB2C,
unique triad monomer sequences are possfbeditionally, respectively. The compositions of the polymers are given in Table
some of the triad monomer sequences have two or more2. The preparation and characterization of the polymers used in
stereosequences, since B units form stereogenic centers in the¢his study have been previously descriBédCrystals of 1,4-
polymer backbone and two adjoining B units give risento dichlorobenzenel, were melted, and 20 mg of the polymer was
and r dyad structures. Although there are 33 nonidentical dissolved in 0.7 mL of melt to produce 3% (w/v) polymer solutions.
structural permutations, some of these triads are not likely for The samples were heated to 120 and rotated at 20 rpm in a
various reasons such as low reaction probability due to Kugelrohr oven fo 6 h to obtain a uniform dispersion of the
concentration, steric, and electronic effects. The complexity of E'olymer in solution and to minimize the formation of air bubbles.

. - . . examethyldisiloxane (HMDS) was added as an internal chemical
the mixture is further mcreased_ _because_of the formatlon of ghift standard & = 0.09 ppm:oc = 2.0 ppm). All NMR data
additional structures from backbiting reactib@sid chain-end  ere collected at 126C on a Varian INOVA 750 MHz spectrom-
structures. The enormous Va”ety of structures in the mixture eter equipped with four rf channels, a Performa-Il pu|sed field
produces numerous overlapping peaks even in the 2D-NMR gradient accessory, a Nalordel/2H/23C/ASN 5 mm PFG probe
spectra even at 750 MHz. Since the structures in this mixture designed to operate up to 13C, and a ProteinPack software
are part of the same polymer chain, separation and analysis ofmodule.
individual components is not an option. Wyzgoski etlaitudied Acquisition of 1D **C NMR Spectra. The 1D**C NMR spectra
unlabeled polyEBC in attempts to solve the complex problem Were obtained with a 10 mm broadbartN—*'P) probe, with an
of assigning the resonances of the terpolymer with the help of 834 (90) pulse, 43 kHz spectral width, 1.28 s acquisition time,

_ ) and 2.0 s relaxation delay. The spectra were obtained with
ID-NMR, DEPT, HMQC, HSQC’ and HMBC 2D NMR. continuous WALTZ-16 modulated decoupling. The data were zero-
spectra. They were only partially successful at assigning filled to 256K and exponentially weighted wita 2 Hz line
resonances arising from a number of triad structures and werep5adening before Fourier transformation.

able to detect some of the cross-peaks consistent with the acquisition of HSQC and HMBC 2D-NMR Spectra. The
presence of branching and chain-end structures. Monwaf&t al. HSQCG*and HMBCS spectra were obtained with 9pulse widths
used'H-detectedH—13C correlated 2D-NMR of poly(ethylene-  for *H and?3C of 10.5 and 15.@s, respectively, a 0.7 s relaxati%;lDV

Experimental Section
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delay,A = 1.8 ms (1/3, based orfJcy = 140 Hz), and 2 0.25s  0.15 T/m and 0.2 ms; g% 0.15 T/m and 0.6 ms; g& 0.25 T/m
acquisition time (witht3C GARP® decoupling). Sixteen transients  and 0.4 ms. The total experiment time was 28 h. The data were
were averaged for each of2 2048 increments during using the processed using Varian's VNMR software using flcoef
Stated’ method of phase-sensitive detection. The evolution time “1,0,0,0,0,0+-1,0" and f2coef= “1,0,—1,0,0-1,0~1". The data
was incremented to provide the equivalent of a 13.8 kHz spectral were linear predicted to 4 and 2 times the number of points sampled
width in thef; dimension, and a 5.8 kHz spectral width was used in thet; andt, dimensions, respectively, zero-filled to 10241024

in thef, dimension. The PFG pulses were 2.0 and 1.0 ms in duration x 4096 total points, and weighted with a shifted sinebell function
and had amplitudes of 0.196 and 0.098 T/m, respectively. The before Fourier transformation. Copies of the setup macros and two-
experiment time was ca. 17 h. Data were linear predicted it;the  and three-channel versions of 3D-NMR pulse sequences for control
dimension to double the original number of data points, zero-filled of Varian INOVA spectrometers with ProteinPack software can
to an 8K x 8K matrix, and weighted with a shifted sinebell function be obtained by sending an e-mail request to the corresponding
before Fourier transformation. author.

The HMBC spectra were obtained in a similar manner for  Acquisition of the 3D HCACx-H!H-TOCSY NMR Spectrum.
polymer*3C-labeled in methine carbon (polyEBZ), except that  The 3D HGCx-'HH-TOCSY NMR spectrum was collected with
the acquisition time was 0.50 s and the spectrum was collectedthe same parameters described above for the 3RGGpectrum,
with spectral windows of 13 kHz (aliphatic carbon region) and 6.0 with the exception that a DIPSE2isotropic mixing sequence for
kHz in thef, andf, dimensions, respectively. A fixed delay of 0.08 30 ms withyBy = 7 kHz was used fotH—!H TOCSY transfer
s allowed the heteronuclear antiphase magnetization from long- petweent, andts. A higher mixing period for TOCSY transfer
range coupling to evolve for multiple-bond correlations. resulted in loss of signal intensity, and therefore data with a mixing

The ester carbonyl region of the HMBC spectrum from the period longer than 30 ms was not used. The data were linear
polymerC-labeled in ester carbonyl was collected in a different predicted to 4 and 2 times the number of points sampled irtythe
manner. The hard pulses of tH€ channel in the standard ghmqgc  andt, dimensions, respectively, zero-filled to 10241024 x 4096
pulse sequence from Varian’s pulse sequence library were changedotal points, and weighted with a shifted sinebell function before
to half-Gaussian pulses to improve selectivity. A 1624pulse Fourier transformation.
was used fof3C, with a spectral window of 4 kHz in both tHe
andf, dimensions. A fixed delay of 0.080 s was used to allow the Results and Discussion
long-range heteronuclear antiphase magnertization to evolve for
multiple-bond correlations. Structures and Nomenclature. The spectra of polyEBC

Acquisition of 3D HCACx NMR Spectrum. The 3D HGCx terpolymers are very complex even in 2D-NMR because of
NMR spectrum was collected using the two-channel versions of nhumerous microstructures arising from different permutations
the pulse sequence previously descriBe@ihe phases used were  of monomer- and stereo-sequences along the polymer backbone.
along thex axis unless otherwise specified = X, X, =X, —X; The possible triad monomer sequences shown in Table 1 are
P2=X X @3 =Y, Yo Yo Y =Y, 7Y Y 7Y pa= X and receiver g hdivided into three groups depending on the central monomer.
=X '_X(;i ;X* fX’ t;X' % Ii(’ X Qbua:draturc_e Compontents ‘DV;.ere 1o The complex problem of obtaining resonance assignments can
acquired by TUrher atering, between Increments accoraing o, simplified by studying one of these groups of triad structures

the states-TPP! method; echo/anti= echo selection in the, . ’ . . .
dimension was accomplished by inverting the gradgrand the at a time. In this work, the B monomer is selectively labeled in

phase .30 Axial peak displacement in thé dimension was  the ester carbonyl position with the immediate goal of identify-
obtained by inverting the phage and the receiver on every second ing the resonances of all the B-centene@d structures and
incremen€! The 90 pulses for'H and °C were 9.8 and 1&s, branching structures arising from backbiting reactions at B units.
respectively. The spectra were acquired with the following param-  The13C chemical shifts are sensitive to variations in structure
etelr\?: ar(‘agl?ﬁtl)on %elﬁyxf%.f;, adzeﬁlgf;&S?séJllz, biszid at least two monomer units away, i.e., to pentad monomer
onlJcc= z), a delayA of 1.9 ms , based oritdcy = . o .
SR . sequences. If stereochemistry is ignored, there are nine pentad

H | f0.2 2 h 1 . . !

2), & delayr of 0.2 ms, and a 0.25 s acquisition time (with garp sequences for each of the triads in the middle column of Table

decoupling); 32 transients were averaged for each of 46 )
increments durindy, 2 x 48 increments during, and 1096 total 1,i.e., atotal of 81 B-centered structures. These pentad monomer

points ints. The amplifier compression factors for the proton and Seduences (ignoring stereochemistry) are summarized in Table
carbon channels were calculated by calibrating the pulse widths at3 along with their Bernoullian formation probabilitiésThe

two different power levels, and these factors were used in detection limit of the experiments is estimated between 0.01
calculating the appropriate power levels for selective pulses. The and 0.05% so that species (mostly pentads containing 3 or more
carbon transmitter was set at 43.0 ppm, and a shifted laminar pulseB units) representing less than ca. 0.01% of the mixture or lower
was created by using the “makel80Ca_CO” macro in Varian's gre unlikely to be detected. Species in the 6:005% range
Pro_teir_lPack software in order to_perform off_-resonance selective might not be detected depending upon (1) their symmetry and
excitation at an offset corresponding to the difference between the(z) how the reactivity ratios determining their formation deviate

center of the ester carbonyl region and the transmitter (175.0 f d tatistics. In the f 1) f e th
43.0 ppm). The standard Varian macro for setting up HCACO Tom random statistics. In the former case (1), for example, the

experiments was modified for the offset difference between aliphatic SYmmetry of EEBEE pentads is high so the methylene protons
and carbony! carbon regions of this polymer, which is different 0n either side of the central Gk will contribute to the same
from that typically used in protein NMR studies. The selective 90  resonances; its signals will be more intense because two protons/
13C pulse was calculated using the formuld15/4 * dfrq * (offset structure units contribute to many of its resonances. However,
difference between aliphatic and carbonyl regions), where dfrq is a CBBBE pentad resonances will be much weaker and difficult
the3C decoupler frequency. The WALTZ-16 decoupling sequence to detect; it lacks symmetry because the componer @Bd
with ayB, = 7.5 kHz was used during the magnetization transfer BpE triads are not the same; and there are four nonequivalent
H_?m Ca tlo (I:<)'(' b2 evgll:jnon t'"l‘.e’ an_l‘_iﬁ evolutltonlnme dpergqlsffor stereoisomers of this pentad. Therefore, four sets of resonances
spin focking and decoupling. the spectral windowstintz, are expected for CBBBE pentads. In the latter case (2), for

g:\;dfﬁe\r/]vte gijlzggl gltgoffd4étgn382§8&2_2é’ crgﬁgfgr?ggzeelgilt?on example, it is known that C will not add to C-terminated radical

had durations of 1.6 and 0.4 ms and amplitudes of 0.20 T/m, chain ends, so pentads containing CC dyads in Table 3 (entries
respectively. The strengths and durations of pulsed field gradientsWith @ single slash) will not be detected. This still leave$0

(PFG) were g1= 0.28 T/m and 0.5 ms; g2 0.15 T/m and 0.5 pentads. Although the concentrations of many of these (e.g.,
ms; g3= 0.30 T/m and 1.0 ms; g& 0.20 T/m and 0.3 ms; g& species containing BC dyads) will be lower than predictedclgv
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Table 3. Possible Pentad Monomer Sequences for PolyEBC Scheme 1. Structures and Nomenclature for Polyethylene (1)
o o o and Poly(ethyleneeo-n-butyl acrylate-co-carbon monoxide)
& % & Structures 2—6
EBE probability EBB  probability BBE  probability
H
EEBEE 1.607 EEBBE 0.222 EBBEE 0.222 2u_2a : 5*5* B8t + 5*%6% 58 3s 1s
EEBEB 0.222 EEBBB 0.031 EBBEB 0.031 RO~ g P2 NS,
BEBEE 0.222 BEBBE 0.031 BBBEE 0.031 1u 1a 4s 2s
BEBEB 0.031 BEBBB 0.004 BBBEB 0.004
CEBEC 0.257 CEBBC 0.036 CBBEC 0.036
CEBEE 0.643 CEBBE 0.089 CBBEE 0.089 1
EEBEC 0.643 EEBBC 0.089 EBBEC 0.089 o
BEBEC 0.089 BEBBC 0.012 BBBEC 0.012 Py
CEBEB 0.089 CEBBB 0.012 CBBEB 0.012 h
% % % o Ik
BBB probability CBE  probability EBC  probability H H H
SRR o EE oon Eme oo ey nomow KOs
: : : h=aaB
BBBBE  0.004 BCBEE  0.089 BEBCE  0.089 u=RBy*
BBBBB  0.001 BCBEB 0012 BEBCB  0.012 EBE ECBE
CBBBC 0.005 CCBEC 0.103 CEBCC 0.103 H Ca Co 3
CBBBE 0.012 CCBEE 0.257 CEBCE 0.257 2 28y <8,
EBBBC 0.012 ECBEC 0.257 EEBCC 0.257 o EBB o o
BBBBC 0.002 BCBEE 0.036 BEBCC 0.036 00)? oo?’H c,o{a’
CBBBB 0.002 CCBEB 0.036 CEBCB 0.036 i H 5
% % % o H <y H
CBB  probability BBC  probability CBC  probability H Coega 2,
ECBBE  0.089 EBBCE 0089 ECBCE  0.257 CBB BBB
ECBBB 0.012 EBBCB 0.012 ECBCB 0.036 4 6
BCBBE 0.012 BBBCE 0.012 BCBCE 0.036
BCBBB 0.002 BBBCB 0.002 BCBCB 0.005
ccBBC 0014  CBBCC 0014  CCBCC are designated by a pair of Greek letters to indicate the distance
CoeeE oo THBCE 0D%6 ETBCE 0408 from the branches in either direction along the chain. The nature
BOBBC 0.005 BBBOG 0.005 BCBGGC of the bran_ch in ethylenefolefin copolymer; can be assumed
CCBBB 0.005 CBBCB 0.005 CCBCB 0.014 on the basis of the comonomer used (e.g., in ethylene/1-butene

copolymers, ethyl branches are formed from 1-butene comono-
mer). However, in polyEBC, both the nature of the branch and

Bernoullian statistics and will not be detected, additional species Fhe number of bonds to it must be identified. The type of branch

will be detected due to permutations of stereochemistry in the IS _specmed by a superscript B for a butyl acrylate monomer
) ; . . unit and by superscript C for a “brancd&’formed by the ketone
middle triads when they contain 2 or more B units. Overall, ca.

30-50 detectable B-centered pentads are expected in thecarbonyl. As in the currently used nomenclatqre for polyeth-
mixture ylenes, when the number of methylenes separating a carbon from

] ] a branch is greater than a certain number of bonds, a super-
In this paper, the nomenclature proposed by Wyzgoski®tal. - scripted+ is used. Examples of this nomenclature system for
is used to identify atoms in the polymer structure. For complete- jgentifying B-containingn-ads in polyEBC are shown with the
ness and clarity, this nomenclature is briefly described here for sy cture2—6 in Scheme 1. For example, carbon q of the EBE
the structures relevant to this paper. Since the spectra from theyjad (Scheme 12) is labeled as:By*, to indicate this carbon
terpolymer samples contain resonances characteristic of longis ¢ to the branch formed by a butyl acrylate monomer unit
sequences of ethylene monomer units, the general structure forang that a branch is in theposition or further along the polymer
polyethylene is shown at the top of Schemel)l The carbons  packbone in the opposite direction.
in this structure are labeled on the basis of nomenclature first | this paper, the unlabeled polymer is given the acronym
defined by Carmait and modified by Dormait and Randalt. ~ polyEBC, while the polymers3C-labeled in ester-carbonyl
Methylene carbons along the backbone are identified by a pair carhon (from1-13C-n-butyl acrylate), methine carbon (from
of Greek letters to indicate the distances to the branches in either>_13c_n-putyl acrylate), and uniformly labeled in all the acrylate
direction. Carbons in the side chains are designatedBhy positions ofn-butyl acrylate (from 1,2,3%Cs-n-butyl acrylate)
where 1" indicates the position in the branch starting with the - are designated by polyEB*1C, polyEBZ, and polyEB*C,
methyl in position 1 and the subscript™denotes the length  regpectively.
of the branch. 1D-NMR. Figure 1 shows the 1BH NMR spectra of the
The terpolymer samples also contain structures resulting from 13C-labeled polyEB*C (Figure 1a), polyEBE (Figure 1b),
the addition reactions of C and B units. Wyzgoski eflal.  polyEB*'C (Figure 1c), and unlabeled polyEBC (Figure 1d).
proposed a system that is an adaptation of the nomenclatureThe IH NMR spectra are almost identical and contain groups
commonly used with polyethylenes. The nomenclature for of highly overlapping peaks, making assignments of most
identifying the carbons of the butoxy groups and for those resonances almost impossible. The region of interest is from 2
carbons along the polymer backbone of EBE triads is shown to 3.0 ppm where the methine and methylene peaks of protons
by 2 in Scheme 1. Methine carbons are labeled according to oo andf to the carbonyl carbons appear. An important feature
current convention; for example, the methine carbon of the EBE of theH spectrum of poly EB*C and polyEBE is the multiplet
triad is designated as Ghk, where the subscript denotes the appearing neavy = 3.5 ppm. This has previously been
triad sequence in which the methine is centered. As with attributed b a B methineo to two carbonyl carbons in a BC
ethylenedi-olefin copolymers the backbone methylene groups dyad (CHesc).2? While it is observed in the spectrum of “&?DV

a Assumes E:B:C ratio of 65:9:26 determined for polyEB*C.
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Figure 1. 750 MHz 'H NMR spectra of poly(ethylenee-n-butyl

acrylateeo-carbon monoxide: (a) poly EB*C, (b) polyERE, (C) Figure 3. Expansions of the aliphatic and est*er-carbonyl regions from
polyEB*'C, and (d) polyEBC. tphoﬁylEBBS*l'\éHé;?(lal)l\/lpilitéeé:ga of (a) polyEB*C, (b) polyEBE, (c)
a Ovisg 08U Figure 3 shows expansions of the aliphatic and ester-carbonyl
regions from the spectra of polyEB*C (Figure 3a), polyB8*
“"\'3cu O (Figure 3b), polyEB*C (Figure 3c), and polyEBC (Figure 3d).

In the ester-carbonyl region, the patterns of resonances are very
similar in the spectra of polyEB*C (Figure 3a), polyER*
(Figure 3c), and polyEBC (Figure 3d) as these samples have
similar monomer compositions. However, the signal-to-noise
MNCH\/\N' levels in the spectra of the labeled polymers (Figure 3a,c) are
much better as expected from the ca. 100-fold increase in the
amount oft3C in the labeled ester-carbonyl carbons. More than
two dozen overlapping peaks, arising from ester-carbonyl

H carbons present in differemtad environments are observed;
g

(on

however, it is not possible to assign these from 1D-NMR spectra
alone.
Similarly, in the aliphatic region of thé3C spectrum of
I polyEB*2C (Figure 3b), the resonances in two regions<{40Q
2L N & ‘ and 45-46 ppm) are enhanced frof?C labeling. These
‘ resonances appear as more complex patterns in the spectrum in
e U R R R Figure 3a due to the presence'&€—13C homonuclear coupling
180 120 60 ppm . i
in polymer from uniformly labeleah-butyl acrylate. A number
Figure 2. 188 MHz'*C NMR spectra of (a) polyEB*C, (b) polyEBC, of weak intensity peaks appeared in the-3®, 43-44.5, and
(c) polyEB*C, and (d) polyEBC. 47—-49 ppm regions, probably from low occurrence triads,
unlabeled polymer, it is not detected in the spectra of the labeledbranching structures from rearrangement reactions and chain
polymer. This is possibly because of the different preparation ends. All these increase the complexity of the spectrum.
methods used to obtain the labeled polymers or because thedJnambiguous and complete assignment of these peaks is
signal is weaker due to coupling withC from the labeled impossible from 1D spectra, indicating the needib-NMR
positions. techniques that provide better dispersion and atomic connectivity
Figure 2 shows th&C NMR spectra of the polyEB*C (Figure  information. Similar enhancements are also observed in the
2a), polyEB®C (Figure 2b), polyEB*C (Figure 2c), and aliphatic region of polyEB*C (Figure 3a), with an additional
polyEBC (Figure 2d). All of the spectra are almost identical enhancement of the resonancesiat~32 ppm arising from
with the exception of enhancement of ester-carbonyl peaksthe 1°C-labeled methylene carbon ofbutyl acrylate. At the
(~175 ppm) and methine peaks (381 and 44-46 ppm) in same time, some of the peaks in this region which were seen in
the spectra of polyEB®C and polyEB2C from >99% 13C- the spectrum of the unlabeled polymer (Figure 3d) disappear
labeling of the ester-carbonyl and methine carbons of B units, or decrease in intensity because of the lower concentration of
respectively. In addition to the enhancement of these resonanceshe sample. The use of a lower concentration sample increases
the uniformly labeled polymer shows additional enhancement the molecular mobility, decreases peak line widths, and thus
of methylene carbon of B unit at32 ppm. improves the quality of the spectra. CDV
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0“‘%130/08u P HMBC :b HMBC spectrum, but resonances in the 434&.5 and 39.6

40.0 ppm regions could not be assigned unambiguously because
of the severe overlap or missing cross-peaks in the HMBC
spectrune?

3D-NMR. The HGCx and HGCx-'HH-TOCSY pulse
sequences used in this work are shown in Figure 5a,b; they work
by sequential INEPY transfer steps fromH to the **Cajiphatic
atoms (x to carbonyl carbon) and then #8C=0, using one-
bond proton-carbon {Jciy) and carbor-carbon tJcc) cou-
plings, respectively. Th& evolution period is used to encode
the carbonyl carbon shifts and to accomplish reverse INEPT
transfer of magnetization frof*C=0 back t03Caiphatic &
constant evolution time Ris used to encode th&Cajiphaiic

3 £ E chemical shifts in thé evolution time; a reverse INEPT transfer
ic HSQC 3 d o HMBC _e HCACx from *Caijiphaiic to *H is performed; and antiphase magnetization
15 : created during the beginning of the sequence is refocused during
3 ' é.,ﬁ e the second pair of delays before detection of the protons during
= ea‘ P i g ] ) the acquisition timez. The 13C decoupler offset was shifted
g ] L $"‘ ] from 13C, to 13C=0 region, and a shifted laminar pulse was
& p 3 gy U Pp used for selective inversion &C, during the*C=0 chemical
© 2Q RS _ oW \ad 2P, shift evolution period. A Waltz-16 spin-lock is used to lock the
257 @@ N @ L] 'm E transverse magnetization dH, during the magnetization
3 3 'k 01(}2 transfer from13C, to 13C=0 and duringt; andt, evolution
3 \ T 'I' a-,ﬁg TiT, periods, so that homonuclear couplings betwidpand other
E I @ S 1. - 0 protons are removed. The HCx-!H!H-TOCSY sequence uses
415 0 4|5 4|U 45 4|0 a'H spin-lock mixing period before data acquisition to distribute
8¢ ppm thetmagnetlzatlon over protons that are part of the same spin
) i _ system.
Figure 4. Two-dimensional NMR spectra of labeled polyEBC: (a
es%er-carbonyl region from the HMBCpZD-NMR spectrumpof)é)olyE(B*( ) These sequences are patterned after the HCACO sequence
(b) truncated 3D-NMR spectrum showing one-bdhid-3C=0 (f,f;) used to identify §—C,—C=O atomic connectivities in the
correlation from'H/*3C/**C=0 structure fragments of polyEBC; (c) backbone structures of proteiffsThe sequence in Figure 5a

"r']SQC Zg'ZNMR spectrum of p?lyEIBCE;R(:c.i) aliphatic “39;)0” from  can be viewed as a more general version of the HCACO

ipigmr% shc?wmgsnzeggggﬂ?c %%Eorrélgeﬁ)otmrgﬁﬁ ,13CD,13'\(I;'\£R experiment, since thg pulse program has.been altered in several

O structure fragments in polyEB*C. ways. (1) It allows adjustment of the polarization transfer delays

needed to accommodate the range 'déc couplings and

2D-NMR. Figure 4 shows expansions of the ester-carbonyl Multiplicities encountered in general structures. (2) It permits

region from the HMBC 2D-NMR Spectrum of p0|yEm the arbitrary placement Of@nd G( transmitter Offsets, where

(Figure 4a), and the aliphatic regions from HSQC (Figure 4c) *Ca—"3Cx form an AX spin system (rather than the predeter-

and HMBC (Figure 4d) 2D-NMR spectra of polyERZ. The mined values needed to excite,HC,—C=0O fragments in a

HMBC spectra of both polymers show that cross-peaks appearPolypeptide backbone). (3) Pulse sequence elements needed to

in the same regions of tHel chemical shift dimensions in these ~decouple™N in uniformly labeled proteins are absent.

two spectra. However, the HMBC spectrum of polyB8* Figure 4b,e contains plots of the truncated 4@z 3D-NMR

(Figure 4d) also exhibits three-bond correlationg&dnydrogens spectra showingH—13C=0 (ff3) correlations (Figure 4b) and

(in the o4 = 1.2—1.4 ppm region) which are not observed in H—-13C, (f.f3) correlations (Figure 4e) from tH&l—13C—13C=

the HMBC spectrum of polyEBC (Figure 4a), as theg® O structure fragments in the polymer. The truncated 3D spectra

hydrogens are four bonds away from tH€-labeled carbon are 2D-NMR spectra collected using the same 3D-NMR pulse

atoms in the latter. These spectra provide important atomic sequences described above, keeping one of the evolution times

connectivity information and lead to unambiguous assignments fixed. The truncated,f; 3D spectrum, collected with fixed,

for a number of resonances. There is also significant overlap in then becomes equivalent to an HSQC spectrum showing C

the 2.3-2.5 and 2.8-3.0 ppm regions of the HMBC spectrum  correlations of directly bonded atoms, but with filtering of all

of polyEB*!C because of the similar chemical shifts of many resonances from the spectrum except for those Giéups

different methine and methylefl resonances. Here 3D-NMR  bound to the'3C-labeled carbonyl groups. The truncated 3D-

can provide an additional increase in spectral dispersion to NMR spectra of polyEB*C should be compared with the HSQC

surmount these difficulties. spectrum of polyEB2C and HMBC spectra of polyEBC and

A cluster of unresolved ester-carbonyl resonances could bePOlYEB*°C as the cross-peak patterns in the HSQC and HMBC
detected indc = 174.9-175.4 ppm region of the HMBC  SPectra of polyEB*C are complicated by one-bond and multiple-
spectrum (cross-peaks in area M of Figure 4a) with correlations bond *¥C—13C couplings.
to CHgge protons having'H chemical shift in the 2.32.5 The two truncated 3D-NMR spectra (Figure 4b,e) were
region?? Three moderately resolved broad cross-peaks were alsocollected by fixingt, andt;, respectively, to produce the 2D
identified in region O of Figure 4a &ic = 174.1-174.7 ppm projections of thd;f; andf,f; planes from the 3D-NMR spectra,
and in the'H chemical shift region of 2:83.0 ppm; these have  respectively. These planes exhibit two-botti—13C,—13C=
been previously assigned to Gkt. Similarly, in the case of O and one-bondH—3C,—3C=0 correlations similar to those
polyEB*2C, resonances in the region of-486 and 46-41 ppm observed in the HMBC and HSQC 2D-NMR spectra. However,

of the HSQC spectrum could be assigned with help of the the standard 2D-NMR spectra show all the possibleH:CDV
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Figure 5. 3D pulse sequences used to collect the 3D-NMR spectfdGaefabeled polyEB*C: (a) H&Cx and (b) HGCx-*HH-TOCSY with

spin-locking.

correlations, while the truncated 3D-NMR spectra exhibit only
those resonances arising from the two bond correlatiotid-in
13C,—13C=0 structure fragments. The constant evolution period
and the selectivé3C, inversion pulse in the HECyx pulse
sequence effectively remo¥éC homonuclear couplings in the
indirectly detected; andf, dimensions of the truncated 3D-

clusters centered @ = 45.80 and 45.64 ppm correlated with
proton resonances with'al chemical shift of 2.35 ppm. Cluster

Q also consists of two broad overlapped cross-peakk at
45.26 and 45.05 ppm and correlated with proton resonances at
Oy = 2.38 ppm. ClusteT has two broad clusters of cross-peaks
at 6c = 40.65 and 40.25 ppm correlated witH resonances

NMR and results in simpler peak patterns compared to HMBC with a chemical shift of 2.92 ppm. Two other broad clusters
and HSQC spectra, where these couplings are present in theconsisting of four to six highly overlapped low-intensity cross-
indirectly detected dimensions. For example, compare the peaks are observed in tde = 44.3-43.5 ppm and ~ 2.50

standard HMBC spectrum of polyEB® in Figure 4a with the

ppm region (clusteR) and in thedc = 39.1-39.6 ppm and

truncated 3D-NMR spectrum of polyEB*C in Figure 4b. The . ~ 3.0 ppm region (clustev).

complex cross-peak patterns M, N, and O in the standard HMBC

spectrum from polyEB*C (Figure 4a) are greatly simplified
by the presence of a single isolafé@ label and the observation
of correlations from two bond couplings, so that it is possible
to identify distinct cross-peaks (MMs, N;—N3, and Q—0s)
in these regions of the truncated 3D-NMR spectrum. In fact,
many cross-peaks would not even be identifiable in the HMBC
spectrum if it were not for their observation in the truncated
3D-NMR spectrum. All other correlations in the 2:3.0 ppm
region which do not belong tdH—-13C,—C=0 structure
fragments are filtered from the spectrum.

Similarly, thef,fs truncated 3D-NMR spectrum in Figure 4e,
acquired with a single fixed; evolution period, shows direct

In the f.f3 truncated 3D-NMR spectrum (Figure 4e) which
shows!H—12C correlations of théH—C—13C=0 structure
fragments clusteP simplifies to three well-resolved cross-peaks
at oc = 46.18 (R), 46.0 (R), and 45.80 ppm (&, and two
well-resolved cross-peaks at = 45.44 (Q) and 45.22 ppm
(Qy) are observed corresponding to cluster Q from the HSQC
spectrum. Cluster T from the HSQC spectrum simplifies to two
well-resolved cross-peaks in the truncated 3f) spectrum
at 6c = 40.87 (T) and 40.45 ppm (J). In each case it is
observed that the broad overlapped peaks in the HSQC spectrum
are more disperse and well-resolved in the truncated 3D-NMR
spectrum. Clusters R and U are not found in the truncated 3D

C—H correlations comparable to those found in a standard Spectrum because of their lower intensity which might appear

HSQC 2D-NMR spectrum. Filtering all the resonances but those if more increments would be collected. Cluster S was not found
of IH—13C,—13C=0 structure fragments removes the reso- in the truncated 3D spectrum as it is arising from methylene

nances observed in regions R and S of the HSQC spectrumcarbons and not associated with the-**C—**C=0 structure
(Figure 4c) from the truncated 3D-NMR spectrum (Figure 4e). fragments. However, the truncated 3D-NMR spectra still lack

In the HSQC spectrum (Figure 4c) of polyE®> six clusters
of cross-peaks are observed (regionrd.B. With the exception
of the cross-peaks in clust8rall of the correlations arise from

a second indirectly detected dimension. In a full 3D-NMR
spectrum, arrays of data are collected in both of the indirectly
detected dimensions, and this additional dimension further

methine groups (as determined by the phase of the HSQC crossélisperses the resonances, resulting in additional spectral sim-

peaks). Cluste® shows two broad overlapped cross-peak

plification. CDV
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3D-NMR. Analysis of 3D Data and Resonance Assign- - 2OBu
ments. All possible triad monomer sequences are shown in HoH o H ‘|3 1 H OH
Table 1. Of 'aII thg possibl'e sequences, only B-centeraq é_é_,%_;_w _E_ | —cl:
sequences listed in the middle column need to be considered [ [.__[d j: ! t 1
here, as thé3C-labeling patterns and 3D pulse sequences used HiH HI H_: H H)
filter the remaining resonances from the spectra. Of these, ‘;""a"_f""""‘
structures containing BBB sequences need not be considered ol o
because of their low formation probabilities (due to low H H H*}TRE:'),’ HB“ H
concentration of B in the polymer). This leaves the resonances | | R
of EBE, CBE, EBC, BBE, EBB, BBC, and CBB triads to be w—c—c—‘ﬁ:-{iai-i—j: —C—ﬁ—m-
assigned. In assigning the peaks, it has been considered that | bt ---L-.
. . . L . Hi'H Hi Ht H HiOQ
proton shifts are primarily sensitive to triad monomer sequences [P el a
while carbon shifts are sensitive to higheads sequences. d, d,- dyy
2.2 0 %!
. o o b 4n) 5 0
In analyzing the planes and assigning the resonances, the AN AT AT AT AT

following nomenclature has been used in the discussions below. A% a AR W
Each pair off,f3 planes in the 3D-HE@Cx and HG Cx-tHH- Jda HSQC|ib. - || ¢ d e f
TOCSY spectra correspond to a particular B-ester carbonyl shift 1.5 : . )
(0c=0). The 3D-HGCx cross-peaks in thd,f; planes are : Q?:
designated with bold italic lettersy(b, c, ..., in Figure 6b-f), 3 A A &)

. ; E 1221 a b [ ) =
each corresponding to an ester carbonyl group to which the 5. ﬁ - - |- | P ¥
methine is attached. These labels also correspond to the resolved £ ’ g~ B ai
13C ester carbonyl shifts of unique B-ester carbonyl carbons in S 3 2
the 1D 3C NMR spectrum. The planes in the 3D RCx x gHMBC|]h i j K T
spectrum establish the uniguid —13C,—13C=0 structure © 15#"&.. o € = wilaws 38
fragment connectivities. They do not provide unequivocal LR BEREE TEREL Rt RIS Pl 9
information about remote structure; however, they do help to N e IS +
identify cross-peaks from directly connected-8—C atoms 2 i £ d e ZFX
in the HG.Cx-tHIH-TOCSY spectrum. These sarft¢—13C,— P R e e P 5)
13C=0 correlations are also seen in the 4&x-HH-TOCSY (:':j
spectrum and are designated with the same labels. Additionally, T . T | T T
TOCSY correlations are observed, dispersed in tHe(fs) 455 455 455 ‘}5-5m 455 45.5
chemical shift dimension of Figure 6th. For example, cor- oc PP

relationa (in Figure 6h) is related to several TOCSY correlations Figure 6. Expansions from the 2D (a and g) and 3D-(band h-I)

; i NMR spectra of-3C-labeled poly(EB*C) showing the 44-516.5 ppm
Wlt_h resonances of protons on adjoining carl_oons that-form a region: (a) HSQC spectrum of polyERE: (b—1) fufs planes from the
unique mutually H-H homonuclear coupled spin system; these 35 i, ¢, ‘spectrum of polyEB*C; (g) HMBC spectrum of polyER?;

additional H-H TOCSY correlations are designated with (h—I) f.f; planes from the 3D-HfCx-HH-TOCSY spectrum of

the same letter and a numerical subscrigf, @2, as, ...). polyEB*C and assignment of EEBEE and EEBEC pentads. fThe
The diastereotopic methylene protons are designated with chemical shifts are printed across the tops of the respective planes from
(a/ay', adday, ...) the 3D spectra.

The HGCx and HGCx-'H'H-TOCSY spectra are interpreted  of an EEB triad because of the deshielding effect from the C
in the following manner. Typically, in the H{Cx spectrum each  unit carbonyl group. Interpretation of the K{Cx-IH!H-TOCSY
pentad gives rise to resolvabtel —1*C,—13C=0 cross-peak  spectrum is simply a matter of recognizing the tbchemical
in anf,f3 plane at thef; chemical shift of its carbonyl carbon.  shift patterns at each of tH&C chemical shifts. For symmetric
If an f;f; plane from the HECx-*H'H-TOCSY spectrum is  pentads such as EEBEE, equivalent patterns will be superim-
examined at this samfe chemical shift, this sam&H—13C,— posed from the EEB and BEE triads on either side of the center
13C=0 correlation can be observed. This plane also contains B-unit. The dispersion provided by the combined use of very
the TOCSY peak patterns identifying the resonances of protonshigh field and 3D techniques made it possible to resolve separate
on adjoining monomer units which can then be interpreted in a patterns for each of the pentads present at detectable concentra-
logical and systematic way to identify the monomer units tions.
adjoining the central B-unit. Each methine-@ of a B-centered EBE-Centered Structures. Figure 6 shows selectefif;
pentad -WXBYZ- (where W, X, Y, and Z represent E, C, or B planes ¥¥Caiphaic—H correlations) from the HLCx (Figure 6b-
units), will exhibit H-H TOCSY correlations to the® and/® f) and HG\Cx-tHIH-TOCSY (Figure 6hk-1) 3D-NMR spectra,
proton resonances of X and Y monomer units in -B/&nd arising from'H—13C—13C=0 structure fragments in EEBEX
BYZ- triads. The chemical shift of these proton resonances are pentads. The separation between 3D planes is 0.032 ppm in
sensitive to the type of W and Z monomer units, respectively, both thef; andf, dimensions. These are to be compared with
and show characteristic shifts depending on the specific triad the HSQC (Figure 6a) and HMBC (Figure 6g) 2D-NMR spectra
sequence. For example, tHE€ resonance of the central methine  of polyEB*2C. The peaks (clusteki/A,) in the HSQC (Figure
carbon in EBEC pentad will exhibit correlations to the two  6a) are dispersed in tHéCc—o chemical shift dimension of the
sets of ethylenex® and 8B proton resonances from the BE 3D-NMR spectra, indicating that several peaks arising from
and BEC triads on either side of the centfalin the pentad highern-ad environments are overlapping and form the clusters
unit. Each of these triads will yield a unique and easily of cross-peaks in the 2D-NMR spectra. As the polymers are
identifiableH chemical shift pattern. The® proton resonances  labeled,3C—13C coupling could also be responsible for the
of the E unit in aBEC triad will show a significant downfield  broadness of the peaks in the 2D-NMR spectra. These over-
shift compared to the® proton resonance of the central E unit lapped peaks have been resolved into three well-defined C&)B%l
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peaksga, b, andc, in the planes (Figure 6kbd) of the 3D-HG Cx The other two broad overlapping cross-peaks (cluBiés,)
spectrum. These sharp peaks result because the 3D pulsén the HSQC spectrum (Figure 6a) are also spread infthe
sequence used to collect this spectrum selectively excitesdimension in the 3D-NMR spectra (Figure 6d,e), indicating that
resonances arising frodi—13C—13C=0 structure fragments  several peaks arising from highead environments are present
and effectively removes ar)C—13C coupling by appropriate  and form the cluster in the 2D-NMR spectra. Thelanes of
placement of selectiv€’C inversion pulses and by the use of the 3D-HGCx spectrum (Figure 6e,f) each correspond to a
constant time evolution periods. different peak in the ester-carbonyl region of the 1fr
In a similar way, the long-range €H correlations in the spectrum from polyEB*C, afc—o = 175.0 and 174.83 ppm,
HMBC spectrum (Figure 6g) are also dispersed into'#le—o respectively. The cross-peaks in the 4@x spectra appear at a
dimension of the HECx-*H!H-TOCSY spectrum (Figure 6h slightly different'H chemical shift of 2.38 ppm (cross-peaks
J)- In addition, the cross-peaks in the HMBC spectrum are spreadand ) compared to those assigned above to EEBEE pentads.
in the’H dimension because of homonuclear coupling between These cross-peaks also show slightly diffefétchemical shift
1H, and other protons and chemical shift dispersion caused by and were assigned with the help of the J&x-!H!H-TOCSY
long-range iG-ad wheren > 5) structure variations. The 2D-  3D-NMR spectrum. Cross-peaksand e both show TOCSY
NMR cross-peaks at positions 2/a@nd 3/3 (on = 1.46/1.66  correlations to proton resonancesdat= 1.32 (cross-peaks;
and 1.82/1.92 ppm) are seen to form clusters with extensive ande,), 1.44 (cross-pealds ande,), and 1.66 ppm (cross-peaks
overlap. These broad overlapped peaks are dispersed and clearly, ande,) as were seen in the planes of EBE triads centered in
resolved in the HECx-*HH-TOCSY spectrum. EEBEE pentads in the discussion above. Therefore, these planes
In earlier work?? despite the broadness of the cross-peaks must arise fronB-centered pentads within BEXX or XX BEE
A1 andA; in the HSQC spectrum, they were assigned with the njts. Additional TOCSY correlations are observed to proton

aid of the HMBC spectrum. The broad clusters of peaks in the
HSQC and HMBC spectra were treated as if they arose from
two separate groups of structures and*fi@shifts of the cross-

resonances aly = 1.82 (cross-peakds andes), 1.92 (cross-
peaksds andez), and 2.45 ppm (cross-peal andes) which
indicate the presence of different neighboring monomer units

peaks in the HSQC spectrum were correlated with cross-peakspn the opposite side of the centraBE triad. The pair of cross-

in the HMBC spectrum havingH chemical shifts that could
be attributed to EEBEE pentad structures.

The planes of 3D-HECx spectrum, parts b, ¢, and d of Figure
6 are taken afy positions from the 3D spectrum corresponding
to the chemical shifts of different peaks in the ester-carbonyl
region of the 1D3C spectrum of polyEB*C abc—o = 175.40,
175.29, and 175.16 ppm, respectively. The cross-peaHs,
andc, in the HG.Cx spectrum, all appear at the same nominal
1H shift of 2.35 ppm (consistent with that expected forggH
protons), but they occur at differekdC chemical shifts in both
the f; and f, dimensions. The cross-peaks in these planes all
correspond to those found in the poorly resolvaf; cluster
of peaks in the region of the HSQC spectrum shown in Figure
6a.

The cross-peaks in the HCx planes were assigned with
the help of the HGCx-H!H-TOCSY spectrum, in the same
way that short- and long-range correlations from HSQC, and
HMBC or HSQC-TOCSY 2D-NMR spectra are used together
to determine organic structures. Selected planes from the
HCACx-1HH-TOCSY spectrum (Figure 6H) are shown below
the planes from the H(Cx spectrum with the correspondirfig
chemical shifts. Each plane in the WCx-'H!H-TOCSY
spectrum shows the same KCx correlation &, b, andc) that
is observed in the corresponding plane of thexB¢spectrum,
and additional cross-peaks froAH!H-TOCSY transfer to
neighboring protons. For example, in Figure 6h additional
TOCSY cross-peaka; and ay» are observed aby = 1.32,
1.44, and 1.67 ppm, which indicate that the centeg @Hbresent
in a very symmetrical environment with same neighboring
monomers on both sides. The cross-pealat= 1.32 arises
from BBo™ protons, while the nonequivalenfs* methylene
protons give rise to a pair of cross-peak9at= 1.44 and 1.67
ppm. From these correlations it is obvious that the 3D:B¢
cross-peaks, b, andc arise from EBE triads present in highly
symmetrical environments of EEBEE pentads. The variation of
the environment around the pentads in highexds accounts
for the different'3C chemical shifts of the cross-peaks. Based
on the monomer composition (E:B:€ 66:4:30) of the poly-
mer, these are most likely from EEEBEEE, CEEBEEE, and

peaks atoy = 1.82 and 1.92 ppm are consistent with non-
equivalent diastereotopic protonsto the CH branch point of
the central B unit. The significant downfield shift of the
resonances alongd dimension is attributed to the deshielding
effect of a-C unit. Therefore, these resonances are attributed
to the nonequivalent®s¢ protons. The cross-peaks &t =

2.45 ppm are consistent with the shift of methylene prowns

to a carbonyl group and can be confidently attributed 88
protons. This indicates that EBE triad is present in EEBEC
pentad which, in turn, is present in at least two highead
environments as indicated by the two differéf€ shifts of

the HG\Cx cross-peaks. The low probability of B (ratio of
E:C:B = 66:30:4) plus the improbability of C adding to’ C
radical at the end of the polymer chain leads to the conclusion
that these planes are from XEEBEC heptads, where K or

C (in ca. 2:1 ratio of EEEBECE:CEEBECE if the polymerization
were random). The concentration of BEEBECE is probably too
low to detect (almost an order of magnitude lower than
CEEBECE heptads if there is random polymerization). Since
the structure fragments producing these correlations are similar
(i.e., all EBE triads), they will have similal-couplings and
relaxation characteristics. Therefore, it should be reasonable to
at least use relative cross-peak intensities as a basis of identifying
at least which is the major component. Based on the number of
contours, the intensity of cross-peals 2—3 times greater than
cross-peakd; therefore, these are tentatively assigned to
EEEBECE and CEEBECE heptads, respectively.

CBE-Centered Structures. Figure 7 shows selectefifs
planes Caiiphaic—H correlations) in the regions nefar= 40.5
ppm from the HGCx (Figure 7b-€e) and HGCx-'H!H-TOCSY
(Figure 7g-j) 3D-NMR spectra polyEB*C which arise from
IH—-13C—13C=0 structure fragments along with the correspond-
ing regions from the HSQC (Figure 7a) and HMBC (Figure
7f) 2D-NMR spectra of polyEB?C. The broad HSQC cross-
peak (clustelC) is dispersed into three different planes of the
3D-HCACx spectrum. Thd; planes of the HECx spectrum
(Figure 7b-d) correspond tdc—o0 = 174.70, 174.60, and 174.45
ppm, respectively. The cross-peaks in the @& spectrum

EEEBEEC heptads; however, the specific assignments for thesg(cross-peaks$, g, andh) all appear at adH chemical shift of

highern-ads cannot be made from the data available.

2.91 ppm, indicating they all arise from similar triad sequen&eﬁv
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Oad™"7 OBu least 8:1, from which it can be concluded that ECBEE pentads
H ,1331"’ H H are far more likely to occur than BCBEE pentads; therefore,
Yy the cross-peaks primarily arise from ECBEE pentads. The
in— ¢ —13C 113C-'—C—G—-w different 13C, shifts of cross-peak$, g, and h indicate the
I r-d-14-- -|--—|--I presence of ECBEE pentads in highmead environments. On
OI_HIH] H__H, the basis of the relative probabilities of E, C, and B monomers
fss Ly £ in the polymer, the three planes can be attributed to EECBEEE,
'CL};_"‘, OBu CECBEEE, and EECBEEC heptads; however, the assignments
H :‘301;’ H H specific heptads cannot be made with the present data.
| :3| I . The other broad cross-peak (clus®) in the HSQC (Figure
AN—C—"C—"C=C —C —C—n 7a) spectrum remains as a single set of cross-peaks in the 3D-
Il l‘l":"l'}"l“'l"; Il HCACx spectrum (Figure 7e). This 3D-HCx plane corre-
0 !-TH- -'r-"-'-'-,-t'--"-"-l 0 sponds todc=o = 174.14 ppm. The cross-peakappears at
lsg la g on = 2.92 ppm and is correlated to four additional proton
15‘101&60 —]o,"f*’ ,{&f\ﬁ' chemical shifts in the HECx-*HH-TOCSY spectrum. The
:\\"\ if :\\A WF cross-peaks afy = 1.82 (cross-peaks), 1.92 (cross-peal),
and 2.43 ppm (cross-peaf} are at the samtH chemical shifts
ia b c d e that were previously attributed to nonequivale®s® (oy =
1.5 o ' 1.82 and 1.92 ppm) an@“s8 (0w = 2.40 ppm) protons dBEC
; triads (see prior section). The nonequivaleft® protons of
XCB triads produce cross-peaksandis (0 = 2.43 and 2.83
. . ppm). One of the resonances of the nonequival&of protons
254 C; G, . overlaps witha®3® proton resonance @t ~ 2.45 ppm.
£ L ‘ f g9 h '_ These cross-peaks indicate the presence of CBE-centered
oy o g = - S e et R XCBEC pentads, where X% E or B. The nature of X cannot
& £ g h i ] be confirmed as proton TOCSY transfer is inhibited by the
INREY" IO F "N I=STR  -=) A 1 presence of C unit in the X&triad of XCBEC pentad. But the
1.5 3: - e e R statistical formation probability of ECB triads is ca. 8 times
_____ _’ e & EOTTe s ot T T} higher than that of BCB triads as seen from the calculated
B E I Bernoullian distribution of sequences in Table 3. Therefore, it
is probable that the BE triads are predominantly present in
2 5 . E R I i R R PR Y ECBEC pentads.
o D s S g et e ‘L 5 BBE-Centered Structures. Figure 8 shows selectefif;
*"l‘" T : e planes {3Caiphaic—2H correlations) from the HLCx (Figure 8b-
405 405 405 40.5 400 f) and HG\Cx-'H!H-TOCSY (Figure 8k-l) 3D-NMR spectra
3 ppm of polyEB*C, which arise from'H—13C—13C=0 structure
) ) fragments, along with the corresponding regions from the HSQC
Figure 7. Expansions from the 2D- and 3D-NMR spectra *é€- (Figure 8a) and HMBC (Figure 8g) 2D-NMR spectra of

labeled poly(EB*C) showing the 39:511.5 ppm region: (a) HSQC .
spectrum of polyEBC; (b—e)f.f; planes from the 3D-HECx spectrum polyEB**C. Three different clusters of cross-peaks, D2, and

of polyEB*C; (f) HMBC spectrum of polyEBC; (g—j) fofs planes Ds) consisting of at least a dozen poorly resolved, low-intensity
from the 3D-HGCx-'H'H-TOCSY spectrum of polyEB*C and as-  cross-peaks are observed in this area of the 2D-NMR spectra,
signment of ECBEE and ECBEC pentads. Thehemical shifts are  jndicating the complexity of the mixture of structures containing
printed across the tops of the respective planes from the 3D spectra.BB dyads. In the 3D-H&Cx spectrum, these resonances are
dispersed into 16 different planes, each separated by ca. 0.03
All these cross-peaks show HH-TOCSY correlations to a set ppm along thé; (ester carbony}?*C chemical shift) dimension.
of five additional proton resonances in the MTx-'HIH- Five representativé planes are shown from the HCx 3D-
TOCSY spectrum. The peaks & = 1.32 (cross-peakss, g, spectrum (Figure 8bf), corresponding todc—o = 175.03,
andh,), 1.44 (cross-pealfs, gz, andhy), and 1.66 ppm (cross- ~ 174.94, 174.84, 174.65, and 174.55 ppm, respectively. None
peaksfy, gz, and hy) are readily identified from previous of these are adjoining planes, and they are typically separated
assignments as arising fropfo*™ and nonequivalent®o+ by two or three planes. The cross-peaksk(l, m, andn) in
protons, respectively, BEE or EEB triads on either side of ~ the HGCx spectra appear @, ~ 2.50 ppm, indicating they
B-centered pentads The TOCSY cross- peaks to the protona" arise from similar triad sequences. THE shifts of the cross-
resonancedy ~ 2.43 (cross-peakss, gs, andhs) and 2.83 ppm peaks in thd; (aliphatic carbon chemical shift region) dimension
(cross-peakss, gs, andhg) are identified as nonequivalea move progressively upfield along with the shift in tie
protons; their downfieldH chemical shift indicates the presence (carbonyl region) dimension.
of an attached C monomer unit. These cross-peaks are therefore These |, k, I, m, andn) HCACx cross-peaks are related to
attributed to the nonequivalent®a® protons of @ dyads. TOCSY correlations with a number of proton resonances in the
Consequently, the cross-peaks), andh are assigned to the  f; dimension. The TOCSY cross-peaks appeadat= 1.33,
CBE triads present in XCBEE pentads, where=XE or B. 1.48, 1.66, 1.84, 1.85, 1.93, 2.15, 2.46, and 2.58 ppmG4C
The nature of X cannot be identified from correlations in the cross-pealf shows correlations to six TOCSY cross-peaks
3D spectra as proton TOCSY transfer is interrupted by the jy2, js, andjg. (The weak cross-peak jatis bleed-through from
presence of C unit; however, X is unlikely to be C as CC dyads an adjoining slice.) The cross-peaksandj,» can readily be
are not possible. From Table 3 it is seen that the ratio of the assigned t@®o™ and nonequivalerd®5* protons, respectively,
formation probabilities of ECBEE and BCBEE pentads is at of BEE sequences, based on previous assignmentéHoéDV
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Figure 8. Expansions from the 2D- and 3D-NMR spectra 'é€-
labeled poly(EB*C) showing the 42-514.5 ppm region: (a) HSQC
spectrum of polyEB?*C; (b—f) ff; planes from the 3D-HECx spectrum
of polyEB*C; (g) HMBC spectrum of polyEB’C; (h—I) f.f; planes
from the 3D-HGCx-HH-TOCSY spectrum of polyEB*C, along with
labels showing the assignment of specific cross-peaks teCH
correlations in EBBEE and EBBEC pentad structures.

1V
Pl

chemical shifts. This indicates the presence of tB&Briad in
XBBEE pentads. Thgs and jg cross-peaks are attributed to
equivalentoaBo® protons ofracemicBB dyads and the Ckke

of BBE triad, respectively. HECx cross-peak& and| show
an additional TOCSY correlation to proton resonancekat
2.15 ppm (cross-peaks; andl;). The cross-peaks at these
proton shifts are identified from the 2D-NMR data of poly-
(ethyleneeo-n-butyl acrylate}® as arising from one of the
nonequivalento® protons ofmeseBB dyads. The resonance
from the second diastereotopifa® proton occurs aby = 1.66
and overlaps with one of the®6™ correlations denoted 7 on
the figure. Cross-peaksand| are therefore attributed to BBE
triads containingneseBB dyads (i.e., (EEBmMBX pentads where
X = E or B). More definitive assignments are not possible with
the data in hand.
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Figure 9. Expansions from the 2D- and 3D-NMR spectra 6€-
labeled poly(EB*C) showing the 38-39.5 ppm region: (a) HSQC
spectrum of polyEB?C; (b—e)f.f; planes from the 3D-HLCx spectrum
of polyEB*C; (f) HMBC spectrum of polyEB2C; (g—j) f.fs planes
from the 3D-HGCx-*HH-TOCSY spectrum of polyEB*C and as-
signment of @B triad.

D

Cross-peaksn andn are related to TOCSY cross-peaks at
oy = 1.44,1.66, 1.82, 1.92, 2.15, 2.4, and 2.46 ppm. The pair
of cross-peaksnfz;z and nz;z) at oy = 1.82 and 1.92 were
previously attributed to nonequivalemt®5C protons. This
indicates the presencé & C unit next to BBE triad. The cross-
peaksm andn are attributed to BE triads present in EBEC
and CBBBE pentads.

Thus, we can conclude thaBE& triads, responsible for the
planes in Figure 8, are present in two different types of pentad
monomer sequences, BEE and XBBEC, with BB dyad in
both themescandracemicforms. The X in the pentad sequences
can be E, B, or C. However, the shift of the TOCSY cross-
peakmg proves that X cannot be C. The ratio of the formation
probabilities of EEB, BBB, and CBB triads is 8:1:3, based on
a Bernoullian distribution. This indicates that BB more likely
to occur compared to the other two triads and BBE triads are
predominantly present in EBBEE and EBBEC pentads.

CBB-Centered Structures. Figure 9 shows selectefifs
planes {Caiphaic—*H correlations) from H&Cx (Figure 9b-

e) and HGCx-'HH-TOCSY (Figure 9¢j) 3D-NMR of
polyEB*C spectra which arise froAH—13C—13C=0 structure
fragments in CBB triads, along with the corresponding regions
from the HSQC (Figure 9a) and HMBC (Figure 9f) 2D-NMR
spectra of polyEB?*C. The four overlapping HSQC cross-peaks
(E1, E2, Es, andE,) are dispersed into four different planes
along thef; dimension of the 3D-HEICx spectrum. Thé pIanesCDV
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Figure 10. Expansions from the 2D- and 3D-NMR spectra of labeled
poly(EB*C) showing the 46.648.0 ppm region: (a) HSQC spectrum
of polyEB*2C; (b—c) f.f; planes from the 3D-HKCx spectrum of
polyEB*C; (d) HMBC spectrum of polyEB’C; (e, f) f.fs planes from
the 3D-HGCx-'HH-TOCSY spectrum of polyEB*C; along with
assignments labeled on the structure of anrEEBE chain-end
structure.

of the HG\Cx spectrum in Figure 9be correspond tdc—o =
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Figure 11. Expansions from the 2D- and 3D-NMR spectra of labeled
poly(EB*C) showing the 58.660.0 ppm region: (a) HSQC spectrum
of polyEB*2C; (b) f.fs plane from the 3D-H@&Cx spectrum of
polyEB*C; (c) HMBC spectrum of polyEB*C; (d) f.f; plane from the
3D-HCACx-HH-TOCSY spectrum of polyEB*C and assignment of
BC dyad.

Other Structures. Figure 10 shows selectefif; planes
(YCaliphaiic—*H correlations) from H&Cx (Figure 10b,c) and
HCACx-H'H-TOCSY (Figure 10e,f) 3D-NMR spectra of
labeled polyEB*C along with the HSQC (Figure 10a) and
HMBC (Figure 10d) 2D-NMR spectra of polyEBZ. The cross-
peakss andt appear aby = 2.25 ppm (at very different shifts
from the corresponding correlations of BEEtructures discussed
in association with the data presented in Figure 6 above) and

174.33, 174.23, 174.13, and 174.04 ppm, respectively. The show TOCSY correlations to the shifts of four proton resonances

cross-peak®, p, g, andr in the HGCx spectra all appear at
on ~ 2.92 ppm, indicating they all arise from similar triad
sequences. The large downfiéld chemical shift of these CH
cross-peaks is consistent with proton resonances @f@bélips
which aref to the ketone carbonyl groups of C units oBC
dyads in the polymer backbone. TheseAdg cross-peaks are
each related to six TOCSY cross-peaks in the 3D\8GHH-

in the HGCx-1HIH-TOCSY spectrum. Among them, cross-
peaks atsy» and ty» have previously been identified as
nonequivalentBd™ protons; traces of signals that might be
attributed to weak cross-peaks @ndt;) from $Bo* protons

are also observed. Additional TOCSY cross-peaks to proton
resonances aby = 0.9 and 1.50 ppms§/sip and ty/tig) are
attributed to the methyl and methylene protons of an ethyl group

TOCSY spectrum. The proton chemical shifts of these TOCSY attached to the-EEB structure, indicating that these planes arise
cross-peaks have already been assigned in the previous sectionfrom chain-end structures'-EEBE present in two different

The TOCSY cross-peaks to proton resonanced§yat 2.43
(cross-peak®s, ps, gs, andrs) and 2.83 ppm (cross-peaks,
ps gs, andrg) are attributed to nonequivaleafo® protons of

environments as andt differ in their chemical shifts along
BCjiiphatic dimension.
Figure 11 shows selectdgfs planes t3Caiphaic—H correla-

XCB triads. The TOCSY cross-peak to proton resonances neartions) from HGCx (Figure 11b) and HECx-'HH-TOCSY

oy = 1.66 and 2.15 (cross-peaksr, pr7 Qz7, andryz) are
attributed to the nonequivaleofa® protons of theBB dyad.

(Figure 11d) 3D-NMR spectra of polyEB*C which arise from
IH-13C—-13C=0 structure fragments, along with the corre-

Many of the other weak cross-peaks, such as 02 and p2, andsponding regions from HSQC (Figure 11a) and HMBC (Figure

the series of cross-peasks at 8a.= 1.8 ppm are likely to be
bleed-through from adjoining downfield slices which result from

11c) 2D-NMR spectra of polyEBC. Thef; plane of the HGCx
spectrum corresponds &—o0 = 173.75 ppm. The cross-peak,

resonances that are an order of magnitude greater than those, appears aby = 3.44 ppm and shows TOCSY correlations
producing cross-peaks attributed to these planes. While planesgo the resonances of three protongat= 1.32, 1.63, and 1.90
from four separate CBB-containing structures (from pentad ppm. The large downfieldH chemical shift of cross-peak
monomer- or stereosequence effects) are clearly resolved, it isindicates that this methine proton has a neighboring C unit. This
not possible to reliably assign these planes to specific pentadindicates the presence of a BC dyad, formation of which was

structures on the basis of data in hand.

ruled out earlier because of unfavorable steric/electronic EZ(BV
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siderations. To confirm the assignment of these correlations to unambiguous assignment of the resonances arising from different

BC dyads, a model compound, was prepared and th&C monomer n-ads, branching structures, and chain-ends. In
particular, the methodology permitted the resolution and iden-
OH tification of low-concentration structures such as BC dyads and
chain-end resonances that were previously undetectable or not
0~ thought to exist. The identification of the structures present in
0 this complex polymer and assignment of their resonances will
7 be useful for understanding the mechanisms of the reactions

) ) ) controlling polymerization and for characterizing structdre
and*H chemical shifts of its Cli resonances were compared property relationships in this important commercial material.
with those of the 3D-NMR correlations attributed to BC dyads. These techniques are more general than those previously used
The cross-peaks & = 1.32 (cross-peak,) were previously  and can be applied to study the structures of other complex
identified asfBd™ protons. The other two cross-peaksi 1, polymers and mixtures of small molecules.
are assigned with the help of the model compound and identified
as nonequivalent®5* protons of B units bound to a ketone  Acknowledgment. The authors acknowledge the National
carbonyl. However, this peak indicates that BC dyads form in science Foundation (DMR-0073346 and DMR-0324964) and
the random polymerization even though they are present to ag |, du Pont de Nemours and Co. for support of this research
very small extent. Remember th&C labeling was necessary  and the Kresge Foundation and donors to the Kresge Challenge
to enhance these signals 100-fold for detection and that theseprogram at the University of Akron for funds used to purchase
are proton-detected experiments. It is not possible to detect thesgnhe 750 MHz NMR instrument used for this work. The authors
signals in a standard 1D proton spectrum collected in arelatively gjso thank Drs. Michael M. Buback and Henning Latz for
short period of time, since it took many hours to collect the 3D making the 13C-labeled polymers. Thanks are due to V.
data set which has-12 orders of magnitude better signal-to- pydipala, J. Massey, and S. Stakleff for their support in
noise. maintaining the NMR facilities used in this work.

3D-NMR of Singly 13C-Labeled Polymers.The 3D-HGCx
and HGCx-'H'H-TOCSY spectra were also collected withthe  Supporting Information Available: High-resolution PDF files
samples of polyEB*C and polyEB2C and processed in the containing the data presented in the figures so that the raw data
same manner. Similar results were obtained in each case, butre available for scrutiny that would not be possible by examining
only signals from pentad structures with high probability of the spectra presented in the printed version of the paper; 1D- and
occurrence can be detected. Resonances from triads having BE2D-NMR spectra of model compourd 2D-NMR spectra (HSQC
dyads cannot be detected in these 3D spectra because of the"d HMBC) of singly labeled poly(EBT) and 3D-HGCx and
weak signal intensity. All the TOCSY correlations observed in SP-HCaCx-TOCSY spectra of singly labeled poly(EEZ) and

. poly(EB*2C); and complete analysis of 1D and 2D (HSQC and
theC3D speptra Off SSIyEZ*gDaEI\?EOSObseN&d in these SlzgeCtra'HMBC) spectra of poly(ethylenee-n-butyl acrylate) samples. This
omparison of 2L- an . pectraMonwar e“i' material is available free of charge via the Internet at http:/
used 2D-NMR studies of labeled polyEEZ and polyEB*C pubs.acs.org.
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