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ABSTRACT: Three-dimensional H{Cx and HG.Cx—HH—TOCSY NMR experiments)( Magn. Resor2004

168 352) at 750 MHz have been used to investigate the resonance assignments and monomer sequence distributions
of C-centered triads and pentads in poly(ethylenerbutyl acrylateeo-13C-carbon monoxide), poly(EBC*)
terpolymer prepared fror¥®C-labeled carbon monoxide. These experiments provide spectra with correlations
among mutually coupled atoms witho plotted along the; dimension anddca and oy of adjoining groups

plotted along thd, andf; dimensions, respectively. The correlation among signals in three planes in a 3D NMR
spectrum facilitates selective detection of the resonances from the structure fragments ¥€datheled ketone
carbonyl groups. Moreover, these experiments provide enormous spectral resolution, permitting the identification
of numerous unresolved signals that are overlapped it2D'3C HMBC NMR spectrum. The correlation of
resonances involving three different nucléiz{ dca, and dco) provides unambiguous atomic connectivity
information in the polymer backbone that facilitates analysis of comonomer composition, stereo-sequence
distribution and branching structures. Occasionally, these experiments provide additional proof of the methods
adopted to perform chemical shift assignments from 2D HMBC NMR experiments.

Introduction One-dimensional NMR spectroscopy, in particufét, and

PolyEBC is generally used as a polymer modifier such as C NMR has been widely used to investigate polymer structure,
low temperature and general purpose tougheners in ABS, andParticularly for identifying monomer and stereo-sequence
as plasticizers in PVC compounds. As high-molecular-weight distributions in homo and copolymers:C NMR is particularly
flexiblizers, these resins reduce smoke and add strength andiSeful because of its wide chemical shift distributions (more
low-temperature flexibility. This combination of properties than 250 ppm), narrow resonance linés ecoupled spectrum)
allows compounders to increase the amount of flame-retardantand finally the intensity of the unambiguously identified
additives without compromising strength or flexibility and resonances can provide quantitative compositional information
without adding liquids which increase smok&hese attributes  for polymers® However, spectral complexity from overlapping
have made polyEBC valuable in applications such as single- resonances in the case of terpolymers is still a profound problem
ply roofing membranes, geomembranes, automotive interiors, due to the numerous unique structural environments arising from
pipe liners, and wire and cable insulation and jacketifg. complex arrangements of the three comonomer units, due to
Because of its many important uses, it is desirable to completely different reactivity ratios and stereochemistry, as well as
assign the NMR resonances of polyEBC in order to facilitate intramolecular rearrangements. Over the past two decades, 2D
identification of unique structures present in this terpolymer and correlation NMR methods such a84—*C heteronuclear
to determine structureproperty relationships. multiple-quantum coherence (HMQC), heteronuclear single-

Complete NMR resonance assignments for terpolymers quantum coherence (HSQC) and heteronuclear multiple-bond
(polymers with three different comonomer units) are usually coherence (HMBC) NMR experiments have become effective
complicated by overlapping resonances from the numerousfor investigating the microstructures of homo- and copolymers
triads, pentads, and highetads that arise from the permutation by dispersing overlapping resonances into multiple dimen-
of more than two different monomer units in a comonomer sions?8 Although single and multiple bond correlated 2D NMR
sequence. The arrangement of different monomer units in aspectra provide sufficient resolution for the assignment of
comonomer sequence along with branching structures and sterevarious copolymer&1it has usually failed to provide sufficient
regularity along the polymer backbone makes the NMR dispersion to resolve the overlapping resonances in the spectra
spectrum very complex, preventing the unambiguous assign-of complex terpolymers.
ments of individual resonancésn terpolymers, the presence The permutations of triads for this polymer are listed in Table
of three different monomers warrants peptad level composmonal 1. If polymerization is assumed to occur solely in a head-to-
assignment for complete characte_nzaho_n and meaningful cor- 4| manner, up to 27 unique triad monomer sequences are
relations of structureproperty relationships. possiblel! Additionally, some of the triad monomer sequences

, have two or more stereosequences, since B units form stereo-
E_;;ﬂ”ggf;?ﬁ"g%f‘@gt&‘:lz-r;ﬁfg&o”e5 330-972-5990. Fax: 330-972-5256. genic centers in the polymer backbone and two adjoining B
* Department of Chemistry, University of Akron. units give rise tom andr dyad structures. Although there are
*Du Pont Experimental Station, E. I. du Pont De Nemours and Co. 33 nonidentical structural permutations, some of these triads
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Table 1. Possible Triad Sequences for Poly(EBE) 2D NMR experiments. The versatility of the triple-resonance
E-center B-center C-center 3D-NMR approach has been demonstrated using a sample of
EEE BBB(3) cce poly(ethyleneeo-n-butyl acrylateeo-carbon monoxide) poly-
EEB EBB(2) ECC (EB*C) prepared from 2¥C-n-butyl acrylate (CH=CH-—
BEB(2) EBE ECE 13C0O,-n-C4Ho) to assign the resonances of B-centemneatis?®
CEE CBB(2)/BBC(2) BCC/CCB In this paper we report the application of this suite of 3D-NMR
CEC CBC BCB(2)

experiments to study the structures of C-centereds in poly-
(ethyleneeo-n-butyl acrylateeo-13C-carbon monoxide) from

2E = ethylene, B= n-butyl acrylate, and G= carbon monoxide. The  13C_|abeled carbon monoxide poly(EBC*) in order to study the
numbers in parentheses indicate the number of triad stereosequences WheH]iCrOStI’UCtUI’e of this complex terpolymer

more than one is possible.

BEC/CEB EBC/CBE ECB/BCE

Experimental Section

Preparation of Poly(EBC*) for NMR Analysis. The prepara-
tion and 2D NMR characterization of the poly(EBC*) sample has

are not likely for various reasons such as low reaction probability
due to concentration, steric and electronic effects. The complex-
ity of th(_a mixture is further mcreased_ _because .Of the formau_on been previously describéd8The polymer’'s composition is (61:32:
of additional structures from backb!tlng reactions and. chain- 7) mole % E:B:C (ethylene:butyl acrylate:carbon monoxide) based
end structure$? The enormous variety of structures in the on 1p1H NMR data. To prepare solutions for NMR studies, crystals
mixture produces numerous overlapping peaks even in the 2D-of 1 4-dichlorobenzend,; were melted and 20.0 mg of the polymer
NMR spectra even at 750 MHz. Since the structures in this was dissolved in 0.7 mL melt to produce 3% (w/v) polymer
mixture are part of the same polymer chain, separation andsolutions. The samples were heated to 1@0and rotated at 20
analysis of individual components is not an option. rpm in a Kugelrohr oven o6 h toobtain a uniform dispersion of

; ; ; he polymer in solution and to minimize the formation of air
Wyzgoski et a3 studied unlabeled polyEBC, in attempts to o .
solve the complex problem of assign?ngythe resonancers) of thebubbles. Hexamethyldisiloxane (HMDS) was added as an internal

. chemical shift standard(; = 0.09 ppm;dc = 2.0 ppm). All NMR
terpolymer with the help of 1D NMR, DEPT, HMQC, HSQC, spectra were collected at 12€ on a Varian INOVA 750 MHz

and HMBC 2D-NMR spectra. They were only partially suc-  \yR spectrometer equipped with four RF channels, a Performa-
cessful at assigning resonances arising from a number of triad| pulsed field gradient accessory, and Varian's Protein Pack
structures and were able to detect some of the cross-peaksoftware module. For comparison purpoS€, NMR data from an
consistent with the presence of branching and chain-end unlabeled polymer sample poly(EBC) with E:B:C composition of
structures. Monwar et af used'H-detectedH—13C correlated 85:12:3 was usetf

2D NMR of poly(ethylenezo-2-13C-n-butyl acrylateeo-carbon 3D HCaCx and HCACx—HH—TOCSY NMR of Poly-
monoxide) obtained from 2C-n-butyl acrylate (polyEB2C) (EBC¥). 3D HCACx and HGCx—HH—-TOCSY NMR spectra were

and poly(ethyleneo-1-3C-n-butyl acrylateeo-carbon monox-  collected with a NaloraéH/!*C/*N 5 mm probe and-axis pulse
ide) pob)t/é\ine)(; from ﬁC-n—butzl ac)r/ylate (pOlyEBEC) to field gradient (PFG) accessory, operating at 120The details of

. . he pulse sequence and parameter optimization procedure have been
selectlvelly detect and assign the resonances of B-centere reviously describe#® The 3D HG:Cx NMR pulse sequence was
pentads in poly(EBC). By using the selective enhancement and,seq to correlate H(2.0-3.0 ppm) proton resonances fig the

spectral simplification provided by selective labeling, they were 13c, carbon resonances (39:86.0 ppm) inf,, and the3Cco
successful in confirming the prior assignments made from NMR (205.0-209.0 ppm) carbonyl resonancesfin Spectral windows
studies of unlabeled polymer, and were able to detect some newin thef; (:3Cco), f» (13Ca), andfs (*H) dimensions were 1506, 3400,
resonances from species present in low concentration. Using aand 6746 Hz, respectivelyH, 13C,, and*3Cyx offsets were set at
similar strategy, Al-Amri et at® used'H—13C HMBC 2D NMR fs=3.55,f, = 39.0, and’, = 208.0 ppm, respectively. The spectra
to detect and assign the resonances of C-centered pentads iere collected withr/2 pulse widths of 10.3 and 16, in the'H
poly(ethyleneco-n-butyl acrylateeo-13C-carbon monoxide) ob- and13C crlannels,lrespectlvely. The width of the.selectlve square
tained from!3C-carbon monoxide (polyEBC*). These studies pulses t0™*C, or **Cx was set based on the difference in the

- . frequency offsets between the two regions, such that seléé@xe
showed the advantage of selectiV€-labeling along with 2D pulse did not excitéCy nuclei, and vice versa. The selectivé

NMR measurements at very high field which permit the andx pulse widths on eithe¥C, or 13Cx were 30.4 and 27.0s

characterization of extremely complex mixtures of polymer respectively based on the offset of 31867 Hz betweeA¥Beand
structures at the pentad level, even for pentads that are far less3c, regions. The selective pulse t0!3C, in middle of thel3Cy
than 1% of the sequences. However, these 2D-NMR studies(t;) evolution period was a shifted laminar piséo invert 13C,
were unable to provide a complete set of resonance assignmentsesonances. Gradient pulsgesgs along thez-axis were applied with
for this complex terpolymer. amplitudes and durationgg; = 0.3 T/m, 1.0 msg, = 0.15 T/m,
Of late, HXY (X = 13C, Y = 15N, 19F, 2°Sj, 31p, 1195p) 3D 0.75 ms;gz = 0.3 T/m, 1.0 msgs = 0.2 T/m, 0.3 msps = 0.15

NMR methods have been used to overcome the peak overla T/m, 0.2 msige = —/+ 0.25 T/m, 1.6 msg; = 0.15 T/m,1.0 ms;

bl by i duci hird f di - d pgg =0.25T/m, 0.8 ms; andy = 0.25 T/m, 0.4 ms. The z-gradient
problem Dby introducing a third frequency dimension and pjsesgs andge were used fofH—13C coherence selection with

dispersing the overlapped peaks into a number of 2D planes ingreq ratio of 4:1. WALTZ-16 decoupling with 7.5 kHz field strength
the 3D NMR spectra of complex polymeric systeths’ was employed during delays, t;, and T, to remove thelH
Unfortunately, most of the synthetic polymers of research and couplings in the indirectly detected dimensions. Quadrature detec-
commercial significance are hydrocarbon based and lack ation in thef; (**Cx) dimension was achieved by alternating the phase
suitable third NMR active nucleus (Y); hence HXY 3D-NMR  of ¢ in a States-TPPI mann&t Echo/antiecho selection in ttig
methods are not suitable in systems such as poly(EBC). (*3C,) dimension was achieved by inverting the amplitude of the

. . - gs gradient pulse and the phage.?® Axial peak displacement in
Recently a suite of 3D NMR experiments (G, HCACX . thef, dimension was obtained ﬁ?/ inverting the phasepénd the
HH—-TOCSY an(_j HGCx—CC-TOCSY) was described which _receiver {p;) on every second increment. For the spectra from both
enables the assignment of resonances from backbon_e atoms IBequences, the delays were as follows: 1.0 s recycle delay, 0.15 s
13C labeled hydrocarbon-based polym&& These experiments acquisition time, constant evolution delay 2 10.0 ms;A = 1.8
offer a powerful alternative to the more conventional approach ms;z, = 2.1 ms; and. = 1.5 ms. The spectra were collected with

which relies on sequential assignments of polymers via 1D and 2048 time domain data points with 17.0 kHz GAF@B-decoupIing;CDV
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Table 2. Possible Pentad Sequences along with Probability of Their
Occurrence in Poly(EBC*)?

ECE % probability ECB % probability
EECEE 0.97 EECBE 0.51
EECEB 0.51 EECBB(2) 0.27
EECEC 0.11 EECBC 0.06
BECEE 0.51 BECBE(2) 0.27
BECEB 0.27 BECBB(4) 0.14
BECEC 0.06 BECBC(2) 0.03
CECEE 0.11 CECBE 0.06
CECEB 0.06 CECBB(2) 0.03
CECEC 0.01 CECBC 0.01
ECE 2.61 ECB 1.38

a Assumes E:B:C ratio of 61:32:7 determined for poly(EBC¥).

32 transients were averaged for each of 24 and 2x 32 FID’s
in the f; andf, dimensions, respectively.

The 3D NMR data were processed using Varian’s VNMR
software withflcoef='1 000 0 0-1 0’ andf2coef='10-10
0—1 0—1". The time domain data were forward linear predicted to
four times the original number of data points in both thandf,
dimensions, zero filled to 51 512 x 4096 data points and
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polymer?® The probabilities of occurreneebased on composi-
tion alone and not including the reactivity ratios of the
monomers-of particular C-centered pentads in poly(EBC*) are
listed in Table 2. True probabilities will be somewhat different
due to the differing reactivity ratios of the various monomers,
but these data serve as a rough guide for estimating the
intensities of the NMR signals.

In describing the structures and their resonance assignments,
the nomenclature of labeling the atoms proposed by Wyzgoski
et al’¥ has been followed. Since the spectra from the terpolymer
samples contain resonances characteristic of long sequences of
ethylene monomer units, the nomenclature is based on that used
to label the atoms in general structure for polyethylene. This is
based on the polyethylene nomenclature first defined by
Carman® and modified by Dormait and Randa¥land exempli-
fied in a high field NMR study by Liu et &8 Methylene carbons
along the backbone are identified by a pair of Greek letters to
indicate the distances to the branches in either direction. Carbons
in the side chains are designated by vithere “i” indicates the
position in the branch starting with the methyl in position 1,

weighted with a shifted sin bell function before Fourier transforma- and the subscriptri” denotes the length of the branch.

tion.

In 3D HCACx—HH—-TOCSY NMR experiment, spin-locking in
1H (f3) dimension was achieved by applying a DIPSI-2 isotropic
mixing sequence for 30.0 ms with 9.0 kHz field strength which

The terpolymer samples also contain branching structures
resulting from the addition reactions of carbon monoxide and
n-butyl acrylate. The pentads relevant to the work described in

effects proton magnetization transfer encompassing up to four bondsthis paper are represented by10in Scheme 1. The same basic
in the spin system. Other parameters of the pulse sequence remaimomenclature used for ethylenedlefin copolymers has been

the same as in the HCx experiment described above.

Results and Discussion
Structures and Nomenclature.The possible triad monomer

adapted as follows: a superscript B or C is used to designate a
branch formed by insertionf@ B or C monomer unit in the
polymer chain. Here, the in-chain carbonyl formed by insertion

of carbon monoxide is defined as a branch in which two

sequences are shown in Table 1 and can be categorized intanethylene protons are replaced with a double bond to oxygen.
three subgroups depending on the central monomer unit. In thisin defining the structures and resonance assignments for each
paper, the focus is on the assignment of structures (monomerC-centered pentad, the structures of two triads composed of the
sequences and branching structures from backbiting reactions)central C-unit and the two comonomer units to its left and right
near the'C labeled carbon monoxide (C-centered triads and along the polymer chain must be considered. An example of
pentads). If stereosequence effects are ignored there are totathe nomenclature system for these relevant structures resulting
of 243 permutations of pentad sequences in this terpolymer.from incorporation of C monomer units into the polyethylene
Although a total of only 9 C-centered triads are possible as chain is shownX) in Scheme 1. In this structure of an EEE
shown in Table 1, the presence of some of triads (ca. CCC, pentad, the CEE triad fragments contain methylene carbons
ECC, CCB/BCC, and BCB) are not considered during the andp to a ketone carbonyl group that are designated@s"
interpretation of the spectra due to the very low probability of andBCo* respectively. The 1,4-dione9 &nd10) in Scheme 1,
addition of C units to another C units in the chatrPrior work contain equivalent methylene units that are designafe’f,

has also shown that the probability of C adding to B unit is since these carbons are battandf to branches formed from
low, and thus resonances from BC dyads are only detected fromcarbon monoxide. Scheme 1 shows pentad structures relevant
long-term signal averaging of spectra from doub¥g labeled to this work, with corresponding labels illustrating the nomen-

Scheme 1. Structures and Nomenclature for Relevant C-Centered Pentads (1-10) from Poly(ethyler®n-butyl acrylate-co-carbon
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Figure 3. 2D NMR spectra of poly(EBC*) showingH—3C correla-
tions: (a) 2D HMBC NMR spectrum showing correlations between

4.0 3.0 20 1.0 ppm the Ha and Go; (b) fifs planes from truncated 3D HCx spectrum

; 1 * showing correlations betweemtdnd Go; (c) f2f3 planes from truncated
Figure 1. 750 MHz*H NMR spectrum of poly(EBC). 3D HCACx spectrum showing correlations betweegr &hd Gea.

CH&CHy oo CO
/—/%

and3C—13C homonuclear couplings reduce some of the peak

intensities. The use of a lower concentration sample increases

molecular mobility (to compensate for reduced mobility caused

by higher branching), decreases the peak line widths, and

2090 2070  205.0 ppm improves the quality ohD-NMR spectra, which rely on the
ability to resolve many small couplings to produce cross-peaks.
J L Expansions of the ketone-carbonyl region from#f&NMR
a A ;/ LM A

spectra of labeled poly(EBC*) and unlabeled poly(EBC) are
shown as inserts in Figure 2. Many intense peaks from selective

13C-labeling are detected between 205 and 209.0 ppm in the
spectrum of the labeled polymer. TheS€ peaks have broad
resonance patterns due to many overlapping structures. Another
notable feature in the expanded carbonyl region is the intensity
2090 2070 2050 ppm variation between 206 and 207.5 and 267289.0 ppm
b resonances in labeled and unlabeled polymers. This variation
, A " l is due to the lower B content in the unlabeled polymer (E:B:C
- aen L en A = 85:12:3) compared to the labeled polymer sample (E:B:C*
220 180 60 20 ppm = 61:32:7). The peaks in the 206-:Q07.5 ppm region are
Figure 2. 188.6 MHz'3C NMR spectra of poly(ethylenee-n-butyl enhanced in the spectrum of th&€ labeled polymer (inset in
acrylateeo-carbon monoxide) (a) labeled poly(EBC*) (E:B:€ 61: Figure 2a) relative to the peaks in the same region of the

32:7) and (b) unlabeled poly(EBC) (E:B£85:12:3) (expanded region

shows ketone carbonyl region of the each spectrum). spectrum from unlabeled polymer (insert in Figure 2b). The

differences in the spectrum are a result of deliberately synthesiz-

clature for describing their carbon atoms. Because C-units ing labeled polymer with higher than usual B content (32 mol
contribute only one carbon to the polymer backbone, the % compared to 12 mol %) to facilitate the detection and
monomer sequence order is relevant; e.g., ECB and BCE triadsassignment of resonances from C-centarextls containing B
are not identical structures. In this paper, the unlabeled polymerunits, which normally have very low occurrence. The signal-
is given the acronym poly(EBC), while tRéC-labeled polymers  to-noise ratio in the ketone carbonyl region of € NMR
(from 12C labeled carbon monoxide) is designated by poly- spectrum of the labeled polymer is higher as expected from the
(EBC*). ca. 100-fold increase in the amount of tH€ in the labeled

The 1DH NMR spectrum of poly(EBC*) is shown in Figure  ketone carbonyl carbons. More than two dozen overlapping
1. The peaks are broad and overlapped in aliphatic regior-(1.0 peaks arising from ketone carbonyl carbons present in different
3.0 ppm) of the spectrum to an extent that it is difficult to n-ad environments are observed that are not possible to assign
unambiguously assign resonances from methine and methylenecompletely from the 1D NMR spectra alone.
protons neighboring td3C=0 in C-centerech-ads (2.6-3.0 2D NMR. Figure 3a shows the 2D HMBC NMR spectrum
ppm). Although the quantitativel NMR spectrum can be used  of the ketone carbonyl region (205:210.0 ppm) of poly-
to determine mole % composition, it has very little utility for (EBC*) sample. This spectrum shows the correlations among
determining the microstructure in this terpolymer. The D the ketone carbonyl carbonddp) and € and 8¢ protons in
NMR spectrum of poly(EBC*) terpolymer selectively labeled ECE and ECB triads based &dcy and 3Jcy couplings. As
in the ketone-carbonyl carbon positions is shown in Figure 2a discussed above, the presence of XCC triad sequences (X is E,
along with the spectrum of the unlabeled polymer poly(EBC) B, or C) in the polymer chain are not considered for assignment
(having composition E:B:C= 85:12:3) in Figure 2b. The  purposes. The HMBC spectrum shows a number of correlations
spectrum from the'3C-labeled polymer shows the expected that are sensitive to structure variations at least two monomers
enhancements of peaks fro¥C-labeling in the 205.6209.0 units away in a pentad sequence. This spectrum provides atomic
ppm region. Additionally, numerous weak peaks, that are not connectivity information and unambiguous assignments for a
clearly visible in the unlabeled polymer spectrum, appear in number of resonances. However, it shows significant overlap
this region. At the same time, some peaks in the aliphatic regionin the 2.2-2.5 ppm region in the protorf,§ dimension of the
from (10.0-65.0 ppm) which are seen in the spectrum of the HMBC spectrum of poly(EBC*). This is due to the minor
unlabeled polymer are not observed, as a sample of lower difference in the chemical shift of the carbonyl carbon resonance
concentration was used to produce the spectrum of poly(EBC*), based on both adjacent monomer units on either side of ta%g
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unit i.e., triads. There will be still smaller differences between The cross-peaks in thé&fs planes of 3D HGCx NMR
the chemical shifts from variations in comonomer units in pentad experiment are designated with the letter of the plane (a, b, c,
structures. Similar overlap is also observed for the cross-peaksetc.) along with a subscript 1, 2, 3, etc. to identify correlations
in 2.80-2.85 ppm region. of the two different CH groups attached to either side of the
Figure 3b shows thifs (H—13Cco) plane from the truncated ~ carbonyl carbon. The cross-peaks from the carbons on the left
3D HCACx NMR spectrum of poly(EBC*). The 3D HfCx of the carbonyl carbon (i.e., from the monomer unit to which
NMR experiment dispersed$i—13C, correlations into a third ~ the carbon monoxide adds during the polymerization) are
dimension based on the chemical shifts of ¥@x to which numbered with odd integer subscript values while carbons that
they are directly attached. The spectrum in Figure 3b shows are right are numbered with even integer subscript values. For
the sametH—13Ca-13Cqo 2-bond 8Jc) correlations observed — example, if theaC carbon on left side of the center carbonyl
in the HMBC spectrum, without interferences from 3-bond carbon is numbered;athen the carbon next to it, i.e., thi§
correlations. This makes the spectrum in Figure 3b much simpler carbon, is numbered as and so on. The sensitivity of the 3D
compared to the corresponding region of the 2D HMBC HCaCx experiment with this sample poly(EBC*) is less
spectrum (Figure 3a). It is possible to clearly identify 10 cross- compared tar-butyl acrylate labeled polymer poly(EB*€)due
peaks in this spectrum due to different WXCYZ pentads. By to magnetization transfer from the singly labeled carbonyl
comparison, some of the cross-peaks in the HMBC spectrum carbon to two unlabeled carbons, followed by transfer to four
are missing in the truncated 3D spectrum; these missing peaksprotons ofa. methylene groups. This resulted in cross-peaks
may be from three-bortH—13C correlations and structural units ~ with lower signal-to-noise especially for low occurrence struc-
with very low probability (Table 2). It may be that losses due tures. However, this problem is more evident in the 3D:\B%—
to relaxation are more severe in the HMBC experiment, which HH—TOCSY experiment as the Hproton magnetization is
relies on long delays required by small two- and three-bond transferred to all the protons in the two spin system on either
couplings, whereas the 3D experiment uses much shorter delayside of the carbonyl carbon, further reducing the cross-peak

based on the larger one-bohlty andJcc couplings. Thef3 intensities for various structures in pentad sequences. With a
(*H—13C,) plane from the truncated 3D HCx NMR spectrum 30 ms mixing time in the 3D HECx—HH—-TOCSY experi-
is shown in Figure 3c. This spectrum contains one bbthe ment, only correlations froni protons are observed. We have

13C,—13Cy correlations much like the HMQC spectrum. In this  failed to observe correlations joprotons in most of the cases.
truncated 3D H&ECx NMR spectrum, only the correlations There is no improvement in the efficiency of magnetization
between resonances of protons and carbons gfgEblips that transfer to theS protons, even after increasing the TOCSY
directly bound ¢) to 13CO are detected, in comparison to the mixing time to 80 ms. At large mixing times, the 3D WCx—
HMQC and HSQC spectra which shoWi—13C cross-peaks =~ HH—TOCSY spectrum is too noisy to allow reliable peak

for all the CH, groups in the molecule. Thus, an editid— identification.
13CA—13Cx spectrum of the C-centered units is obtained from  The resonances of Hprotons are sensitive to changes in the
the 3D pulse sequence. structures of the triad monomer sequences on ether side of the

3D NMR. Analysis of 3D Data and Resonance Assign-  C-centered pentad sequence. The spectra are far too complex
ments.Among all of the possible triad sequences listed in Table to be due to only pentad monomer sequences with the basic
1, only the C-centered-ad sequences listed in the last column triad sequences (ECE, BCE, ECB, and BCB) possible, and
can be observed in the 3D HCx spectrum. Other correlations  sensitivity to heptad monomer sequences would lead to spectra
from E- and B-centered structures are filtered from the spectrumthat are much more complex than those obtained here. One
by selective excitation of the A4 Ca and CO (ketone carbonyl)  logical and systematic way to approach interpreting the 3D
resonances of the C-centered units. Among the many pentadHC,Cx and HGCx—HH—TOCSY spectra is to recognize that
structures possible, only structures with higher probability of each ketone carbonyl carbon exists in a C-centered pentad
occurrence are considered for assignments, e.gCHEE WXCYZ (where W and Z represent E, C or B units and X and
EECEB, EBCEE, BEEEE, BECEB, EECBE, EECBB, BECBE, Y are E or B units). The pentad will contain HCx correlations
BECBB, and EECEC; other sequences are present in concentra- to o€ protons of X and Y monomer units in WXandCYZ
tions that are below the detection limit of the experiment. In triads. The HGCx—HH—TOCSY spectrum will exhibit cor-
assigning the cross-peaks in the 3D NMR spectrum, it has beenrelations too and € protons of X and Y monomer units in
considered that proton shifts show sensitivity to triad monomer WXC andCYZ triads® The shifts of protons in monomers X
sequences while carbonyl carbon shifts are sensitive to pentadand Y yield distinctive patterns depending upon W and Z,
sequences. Assignments of the cross-peaks are made dependingspectively’® Different *H patterns can be resolved at each CO
on the unique chemical shift of the carbonyl carbdedf, Planes  shift, and then it becomes a trivial matter to identify two triad

at the shift of each ketone carbonyl group stglycorrelations,  components on either side of the CO group in each pentad
i.e., Ha and G correlations for the two groups, one on each sequences. Unlike 2D HMBC, it is far less likely to produce
side of the carbonyl. Although chemical shifts of many-8a patterns from overlapping-€H correlation so it is much easier

cross-peaks are very similar in pentad sequences, unigue H to recognize these patterns and to identify the@¥Z pentads.
and G cross-peaks are determined by looking throdgh For example, thé&f; plane at thé3C carbonyl shift of the center
planes (H and Geo cross-peaks) that show a number of different  carbonyl carbon in a BEEE pentad will exhibit correlations
carbonyl shifts corresponding to particulag @lanes. to two sets of ethylene® and 3¢ proton resonances from the

In analyzing the planes and assigning the resonances theBEC andCEE triads on either side of the centf@lin the pentad
following nomenclature has been used. E&gh plane from unit. Each of these triads will yield a unigdiel chemical shift
the 3D HG.Cx and HGCx—HH—-TOCSY is designated with  pattern as one E is attached to B and C units while the other E
letter (a, b, c, etc.) corresponding to a particular carbonyl shift is attached to C and E units. In addition, protons of the; CH
(0co). Unlike our previous work, in this study, eaéifi; plane groupa to a B unit shows two distinctH chemical shifts due
shows more than one cross-peak depending on the number ofo the diastereotopic nature of two geminal protons. Interpreta-
unique H proton shifts on either side of the carbonyl carbon. tion of the 3D-NMR spectrum is simply a matter of recogniz'@BV
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Figure 4. Slices from 2D*H—3C HMBC (upper and lower left) and
f.fs planes of 3D HGCx (a—d) and HGCx—HH—TOCSY (d—d)
NMR spectra along with structures corresponding to individual pentad
sequences: (a and)&ECEE; (b and ) EECEB; (c and 9 BECEE;

(d and d) BECEB.

the two patterns at each of th€C chemical shifts. For
symmetric pentads such as EEE, equivalent patterns will be
superimposed from theBEZ and CEE triads on either side of
the centralC-unit. The downfield resonances@s from 2.2 to
3.1 ppm have chemical shifts corresponding to protan®
carbonyl groups. In every sequence except CEC, pratotts
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carbonyl group ¢°) have different chemical shifts compared

to the protongs to the carbonyl groups3€). However, in CEC
sequences all four methylene protaxf3¢ are approximately
equivalent. Therefore, the proton resonances near 2.57 ppm are
attributed to the methylene groups in CEC triads.

WECEZ Pentads.Figure 4 shows,f; planes corresponding
to WECEZ pentad sequences from 3D KGCx (bottom, a-d)
and HG Cx—HH—-TOCSY (top, &d’) NMR spectra along with
the corresponding regions of the HMBC NMR spectrum of poly-
(EBC*). Pentad structure fragments are presented at the top of
the figure showing correlations that are observed in the 3D NMR
spectra. A total of four different sets 6f; planes are displayed
corresponding to the four different carbonyl shifts listed on top
of each set of slices. The chemical shifts of identified cross-
peaks are given in Table 3. In planefa(pco) = 208.48 ppm),
one cross-peakjaat oy = 2.29 ppm and¢c = 42.89 ppm is
assigned to symmetrical EEEE pentads. Only one cross-peak
in this plane (Figure 4a) indicates botHa—13Ca correlations
from thea®S™ methylenes on either side of the carbonyl group
(i.e., a and &) have the same chemical shift. This is due to the
chemical equivalence of methylene groups (€™ in both
EEC and CEE triads) in BEEE pentad sequences. In the
corresponding plane from the HCx—HH—TOCSY spectrum
(Figure 44), in addition to cross-peak; a there is another cross-
peak, g4 (representing bothsaand a) which appears aty =
1.56 ppm. This cross-peaks(d is assigned to equivalefito”
methylene groups of ethylene units on either side of the carbonyl
carbon in EEEEE pentads. Both of these cross-peaks are
observed in the HMBC spectrum of the poly(EBC*), however,
due to severe overlap the exact peak location is not obvious
from the 2D spectrum. Although we chose the 3D plane with
the highest cross-peak intensity to show the presence of the
EECEE pentad, it is obvious from the analysis of the 3D data
that more unique structures could be resolved. The variation of
the environment around the pentads in highexds accounts
for the different!3C chemical shifts of the cross-peaks, but these
highern-ads cannot be assigned from the available data. The
degree of spectral simplification in going from the 2D to the
3D spectrum is astounding. This makes the shift assignment
unambiguous.

Figure 4b and bshows selected regions from thé& planes
of HCACx and HGCx—HH—TOCSY spectra at; = 208.17
ppm. In ff3 planes from HGCx spectrum (Figure 4b), one
cross-peak, 1 (representing pand b) is identified atoy =
2.27 ppm and¢c = 42.70 ppm. Although théy position of
this cross-peak is similar to that of & there is a difference in
the d¢ca position. Moreover, thif; plane is resolved from the
former in thel3C carbonyl chemical shift dimension (Supple-
mental Figure 3 in the Supporting Information) confirming the
assignment of this peak to a unique pentad sequence. However,
if this cross-peak is not from symmetrical EEE pentad
sequence, then it should show two unique cross-peaks with any
change of W and/or Z units on either side WEZ pentad

Table 3. NMR Resonance Assignments of ECE-centered Pentads from 3D NMR Data for Poly(EBC*)

type of carbonyl

. 1 3 2 4

carbonyl pentad carbon shift

carbon  sequence (ppm) oc(ppm)  ou(ppm)  oc(ppm)  Su(ppm)  Oc(ppm)  Ow(ppm)  Oc(PPmM)  On (pPM)
a EECEE 208.48 42.89 2.29 42.88 1.55 42.89 2.29 42.88 1.55
b EECEB 208.17 42.73 2.28 42.44 1.56 42.73 2.28 42.88 1.54
c BECEE 207.92 40.36 2.39 40.36 1.64 42.66 2.28 42.66 1.55
d BECEB 207.60 40.37 2.38 40.37 1.64 42.75 2.29 42.75 1.65
e EECBE 206.98 43.10 2.32 43.10 1.60 44.58 2.38/2.82 44.58 2.94
f EECBB 206.90 42.98 2.33 42.98 1.60 44.50 2.39/2.83 44.50 2.93
g BECBE 206.48 40.74 2.43 40.74 1.90 44.64 2.41/2.83 44.64 2.94
h BECBB 206.23 40.62 2.44 40.62 1.90 44.33 2.47 - -

Ccbv
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sequence. In addition, corresponding TOCSY correlations in
Figure 40 shows two cross-peaks and b atoy = 1.55,0¢c =
42.82 anddy = 1.54,0¢c = 42.48 ppm, respectively. The shift
of bz is the same as that ok a which is assigned above to
BCOT carbons of EEC triad in EEEX pentad. Moreover the
shift of by peak is slightly differentdc shift upfield by ~0.4
ppm) compared to that ogland can be assigned 6438 carbon

in a CEB type triad of an EEEB pentad sequence. However,
the difference in chemical shifts betweendnd h are distinct
in Figure 4b, the difference betweeiC and'H chemical shift
values of b (a®5) and b (0®yB) are not resolved.

Figure 4, parts c and cshows selected region from tlfids
planes af; = 207.92 ppm from the HECx and HG.Cx—HH—
TOCSY spectra. The plane from HCx spectrum, shows two
Ha—Ca correlations ¢ and ¢ corresponding to methylene
groupsca. to the carbonyl group, indicating that these peaks arise
from two different triads on either side of the central C unit of
an unsymmetrical pentad. The cross-peak labelegppears at
Op = 2.28 anddc = 42.66 ppm, consistent with the shift of
a6 methylene groups in CEE/EEC triads. However, the label
C; indicates that it is assigned to a CEE triad in WECEE pentad
sequence based on the assignment ofass-peak. The;cross-
peak has a corresponding TOCSY correlation in the&c-
HH—TOCSY plane (9 from a5+ methylene group aiy =
1.56 ppm, confirming the assignment to CEE triads. The cross-
peak g, oy = 2.39 anddc = 40.36 ppm is clearly a new
correlation that is shifted upfield by-2.4 ppm in thef,
dimension compared to cross-peak of the symmetrical EECEE
pentad sequence. This; cross-peak is assigned t@s®
methylene groups of BEC triads in BECEE pentad sequences.
This peak has corresponding TOCSY cross-peaks in the
HCACx—HH—TOCSY spectrum from nonequivalenfio®
methylene protons. Only one peak from the nonequivalent pair
of protons is apparent at ababy = 1.88 ppm, the other cross-
peak of the pair is expected to appear at aldput= 1.80 ppm,
as evident from the HMBC spectrum of the poly(EBC*), but
this cross-peak is missing from the 3D spectrum, probably due
to insufficient magnetization transfer or nonoptimum mixing
time.

Figure 4d and dshows selected regions from th& planes
atf; = 207.60 ppm from the HECx and HGCx—HH—TOCSY
spectra. In plane d, two cross-peaks are identified at positions
very similar to those observed in plane c. However, as in Figure

4a and b, the cross-peaks in this plane are from BECEB pentad

sequences and thus the difference in their chemical shift
compared to BECEE is minimal. In this plane, two cross-peaks,
d; and @, appear aby = 2.38; 6c = 40.37 andoy = 2.29;

Oc = 42.75 ppm, respectively. Cross-peakigiconsistent with

the shift ofa“y® methylene group of a CEB triad and this peak
has corresponding TOCSY cross-peaks in thex&¢c-HH—
TOCSY spectrum (g consistent with the proton shiff =
1.64 ppm) of5¢5B methylene groups, confirming the assignment
to CEB triads. A second FHCa correlations (g) at oy = 2.38
ppm arises from the equivaleaf3® methylene protons from
the BEC triad structures. This group has corresponding TOCSY
cross-peaks in the HCx—HH—-TOCSY spectrum from non-
equivalent3o® methylene protons. Only one peak from the
pair of nonequivalent protons is apparent at abhut= 1.84
ppm. In total, it is possible to unambiguously assign four
different ECE centered pentad structures. Although HCAEX
HH—-TOCSY correlations show poor signal-to-noise for most
of the € protons, it is sufficient to identify different cross-
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Figure 5. 2D *H—13C HMBC (upper and lower left) antf; planes
from the 3D HGCx (e—h) and HGCx—HH—TOCSY (é—h') NMR
spectra along with structures corresponding to individual pentad
sequences: (e and) &€ECBE; (f and f) EECBB; (g and § BECBE;

and (h and ) BECBB pentads.

WECBZ Pentads.Figure 5 shows,f; planes corresponding
to WECBZ pentad sequences from 3D KCx (bottom, e-h)
and HG.Cx—HH—-TOCSY (top, &-h") NMR spectra along with
corresponding regions of HMBC NMR spectrum of poly-
(EBC*). Also, pentad structure fragments showing correlations
that are observed in the 3D NMR spectra are displayed on top
of the figure. Four different sets dff; planes are displayed
corresponding to four different carbonyl shifts displayed on top
of the each set of planes. The chemical shifts of identified cross-
peaks are given in Table 3. Figure 5e shows selected regions
from thef,fs planes aff; = 206.98 ppm from the HECx 3D
NMR spectrum. Three cross-peaks from this plane contain H
Ca correlations ¢ &, and e from methylene groupa to the

peaks at the pentad level. Chemical shift assignments for thesecarbonyl carbon. Out of three cross-peaks, two peakand

pentads are summarized in Table 3.

ey, appear at the same carbon chemical shift=€ 44.58 ppm)CDV
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but different proton chemical shift$,f = 2.38 and 2.82 ppm).  showing correlations from nonequivalentca® methylene
This pattern clearly indicates that these are two diastereotopicprotons to thex®a® carbon. However, cross-pegkis shifted
protons with a stereogenic center on the neighboring carbon.upfield compared to the tross-peak and comparing the cross-
This is possible in the case of GBE triad sequence in which  peak pattern from Figure 4, it can be assigned to the shift of
oCa® protons are diastereotopic in nature. This peak has a a8 methylene carbon of a BEtriad. This cross-peak shows
corresponding TOCSY cross-peak in theg8x—HH—-TOCSY a corresponding TOCSY cross-peak in the A@g—HH—
spectrum (g consistent with a Ctke proton atoy = 2.94 ppm, TOCSY spectrumgs) consistent with the proton shift @ca®

confirming that the cross-peaks @nd e in the HGCx methylene proton, confirming the assignment toMBtEads in
spectrum arise from CBE triad sequences. Moreover, cross-peaBECBE pentad sequences.

e, is consistent with the shifog = 2.33;0c = 43.03 ppm) of Figure 5, parts h and’ hshowsf,f; planes atf; = 206.23
oo™ methylene group of £EE/EEC triad and this peak has ppm from the HGCx and HGCx—HH—TOCSY 3D spectra.
corresponding TOCSY cross-peak)(&n the HGCx—HH— Two regions from the plane #184 of the WCx spectrum, h
TOCSY spectrum consistent with the proton shift gfo* and h correspond to two very different carbons on either side

methylene groups, confirming the assignment t€E#ad. The of central carbonyl carbon. Cross-peakisiconsistent with the
slight downfield shift of thea®* methylene carbon in the  shift of aC38 methylene group of a BEC triad as described for
EECBE pentad sequence in comparison to theCEE pentad Figure 5g. This peak has corresponding TOCSY cross-peaks
sequence is due to the presence-blityl acrylate nextto carbon  in the HGCx—HH—TOCSY spectrum ) from a CaB

monoxide carbon in the BEBE sequence. Thus, th&C methylene proton aiy = 1.9 ppm, confirming the assignment
carbonyl shift e is assigned to EBE pentad. Although we  to BEC triad. Other cross-peaky,lin plane h, shows only one
observed a cross-peak (marked as “?"p@t= 46.01 anddy = correlation atdc = 44.33 anddy = 2.47 ppm. There are no

2.33 ppm, itis hard to explain the origin of this cross-peak from TOCSY cross-peaks in the HCx—HH—TOCSY spectrum.

the present data. The chemical shift information suggests thatThe cross-peak pattern indicates that the carbonyl carbon shift

the cross-peak might originate from some kind of branched might be due to some kind of branching structures from BECB-

structures in which there is CH branch point in the carbon (X)E type pentad sequence. A complete summary oflthe

position o to the carbonyl carbon. However, this is just an and3C resonance assignments obtained from these data are

assumption and it cannot be proven; no such peaks are seen ipresented in Table 3. Also, high resolution PDF files of the

the 2D HMBC spectrum. figures used in this paper, as well as additional planes and
Figure 5, parts f and 'f showsf,f; planes atf; = 206.89 resonance assignments are presented in the Supporting Informa-

ppm from the 3D HGCx and HGCx—HH-TOCSY NMR tion. This will permit the reader to examine the data more

spectra. Two regions from the plane #163 of the@g  carefully than the printed figures allow.

spectrum, f and §/f>, correspond tdco = 206.90 ppm (position .

f), contain H\—Cx correlations. These regions contain correla- Conclusion

tion to protons with chemical shifts of 2.33, 2.39, and 2.82 ppm |y this work, it is demonstrated that the use of 3D A03

(cross-peaksifand %/fz), respectively, indicating that these  and HG.Cx—HH—TOCSY NMR experiments provide increased

peaks are from different triads on either side of the cer@ral spectra| dispersion Compared to a Common|y used 2D-HSQC

unit. Cross-peakfis consistent with the shift af“6™ methylene and HMBC methods. Application of3C labeling provides

group Pn = 2.33;0c = 42.98 ppm) of a EE triad and this  gramatic sensitivity improvements and selective filtering of

peak has corresponding TOCSY cross-peaks in theG{& resonances from undesired structures in the spectrum. Combined
HH-TOCSY spectrum ¢ from a " methylene group  gapplication of 3D NMR and3C labeling provide the spectral
(6w = 1.60 ppm), confirming the assignment to EH&iads. A simplification, dispersion, and enhancement needed to assign

second I’egion from plane # 163 Containﬁ_H:A correlations the resonances of C-centered pentads in p0|y(ethyjeﬂe_
(f2and &) atdc = 44.50 ppm which arise from the nonequiva-  putyl acrylateeo-carbon monoxide) usintfC-carbon monoxide
lent a®a® methylene protons that can be assigned ©OBEB labeled poly(EBC*). With this technique, unambiguous assign-
triad structure. Mostly, the difference between the shifiei® ments of the resonances arising from eight carbonyl centered
methylene groups in CBE and CBB triads is reflected in slight pentads are obtained. Although it is tempting to devise a set of
upfield shift (0.1 ppm) of“a® methylene carbon. This trend  equations for compositional analysis of this terpolymer system,
is consistent with the EBE and EBB shift pattern (Figure 4, the relative utility of different regions will be highly dependent
parts a and b). Moreover, this peak has corresponding TOCSY on the exact composition of the polymers. While some of the
cross-peaks in the HCx—HH-TOCSY spectrum ¢ from assigned resonances will be useful for characterizing the specific
the CHcge proton atoy = 2.93 ppm. The cross-peak intensity  polymers used in this work, commercial polymers having lower
for CBB triad unit should be half that of théBE triad unitas  C or B content will require using different combinations of the
shown in Table 3. However, the intensity patterns of cross- assigned resonances presented here. For this reason, we are
peaks in Figure 5, parts e and f, are almost equal and it mightreluctant to recommend specific formulas for compositional
be due to bleed through of tf&BE cross-peaks i€BB plane. analysis.

The spectral pattern indicates that 206.90 ppm peak in the  Not only is the spectral dispersion in these 3D spectra superior
carbonyl region can be assigned to®#B pentad structures. 4 that found in HSQC/HMQC and HMBC 2D experiments

Parts g and 'gof Figure 5 show selected region from thg commonly used for polymer structure characterization; the 3D
planes af; = 206.48 ppm of the HECx and HGCx—HH— experiments rely on sequential magnetization transfer using large
TOCSY 3D spectra of poly(EBC*). Two regions from plane one-bond J couplings, permitting the collection of better spectra
#176 of the HGCx spectrum contain k—Ca correlationsg, than those obtained from 2D HMBC experiments which rely
andg,/g> from methylene groups to the carbonyl carbon. Two  on small, long-range J couplings. Unlike the HMBC experi-
cross-peaks, and gy appear atbc = 44.64 ppm anddy = ments, the 3D experiments do not suffer from significant signal

2.41 and 2.83 ppm respectively, indicating their diastereotopic loss from relaxation effects. The identification of the structures
nature. As assigned above, these peaks are @B triad units present in this complex polymer and assignment of t?:%rv
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resonances will be useful for understanding process change (9) Liu, W.; Rinaldi, P. L.; McIntosh, L. R.; Quirk, R. fdacromolecules

effects on microstructure and property variations arising from

differing microstructures. These techniques can also be extended'®)
to solve the complex structures problems involving hydrocarbon-
based polymers, polymer chain-ends and mixtures of small

organic molecules.
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