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ABSTRACT
The carboxylic acid proton and the lithium coordination 1H_7Li REDOR MAS NMR

environments for precise and random Li-neutralized polyethylene A)

acrylic acid p(E-AA) ionomers were explored using high speed . . . S D ——— 1.0 e aan L0
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was dependent on the precise or random nature of the p(E-AA) ﬁ‘ ' N T T 0g | 2T Doiane e

ionomer. The 'H MAS NMR revealed two different carboxylic acid : : _ _

proton environments in these materials. By utilizing H-7Li c S J 9 5 2y

rotational echo double resonance (REDOR) MAS NMR ! : \ o o

experiments, it was demonstrated that the proton environments 04 - et

correspond to different 'H-’Li distances, with the majority of the ! ' ~—— QCC=45kHz, @=0°, =0
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shortest *H-7Li distance corresponds to un-neutralized carboxylic | ' ' ' 0.0 ' ' ' | ' ' ——

acids involved in the coordination environment of Li clusters. B) > D.O'5| . Ilf . - > > o o ’ o™ o >

These solid state NMR results show that heterogeneous structural Close Li o ipolar Evolution Time (ms) Pipolar Evolution Time (ms) o PD'Z.O'tar dE\ii:u;FnRTE'gZSF;m;).I |

motifs will need to be included when developing descriptions of Disant L Figure 2: 'H-’Li REDOR MAS NMR Figure 3: 'H-Li REDOR MAS NMR 9072 = TECh =, 7 L b quadnlj;m:ﬁ
: . buildup curves for the carboxylic acid buildup curves for the average carboxylic _ :

these ionomer materials. oroton environments at 3 = +14.7 ppm acid proton environment in the pl5Aa. coupling constant (QCC) and1 tr;e_ relative

N (9300 D= +134 pom () he poRA 45K (4)and r15AASI% (V) ionomer 1o 1 E°0 e b o
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response for the p9AA-43%Li ionomer is also
shown (e). The 1IH-7Li dipolar coupling
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Figure 1: A) The solid state 'H MAS REDOR NMR of the partially Li-neutralized precise and pseudo-random

) P(E-AA) ionomers for = 1.8 ms. The reference spectra are denoted by S,, while the tH-’Li-dipolar coupled 0.5 _ 5
Precise Copolymer Pseudo-Random Co-Polymer dephased spectra are labeled S, and the differences spectra by AS. B) The spectral expansion of the : rlleAAA'i?;’gj'-L'_ B)
Gm,ﬂ'm* D,HE.C,G'M* refere_nce spectrg for carboxylic acid rggion showing the degonvolutions_of_ the acrylic acid proton region into . Eg AA-43% Ei |
M\)\/\H two different environments corresponding to a “close” and “distant” *H-’Li distances. —~ 0.4 - - —
S £ E |
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o _ oM Table 1: "H and "Li MAS NMR chemical shifts, line widths, and relative fractions of the acid proton = 03 E E
T - and lithium environments in the random and precise Li-neutralized P(E-AA) ionomers. 0 " w oo, < | P
{\.)\/\./\/‘\f\/\/\/l' M* = H" and Li" @© E E
5 15AA n Sample T, (K) d(*H) FWHM (*H) | Fraction | &('Li) | FWHM ("Li) é 0 € E
(Ppm)° (H2)* (%)° | (pm)’|  (Hz)° @ 2 2
= Polymers with precisely spaced carboxylic acid groups were prepared using the POAA-43%Li 346 +14.7 2050 89% 0.20 280 O g g
ADMET chemistry, and polymers with randomly spaced carboxylic acid groups were +13.4 520 11% — 01 ~ ~
obtained with the ROMP synthetic method. The unneutralized polymer materials are D15AA-45%Li 347 +14.8 1680 94 0.21 200 ' 2
designated as p9AA, p15AA and r15AA, and correspond to samples with the carboxylic +13.3 360 6 N
acid groups either precisely (p) located every 9th and 15th carbon along the backbone : : . : . : : . : : . . .
: ’ r15SAA-31%Li 313 +14.9 1790 94 0.35 265
or to samples where the acid groups are randomly (r) located on the polymer ’ 344 4133 360 5 0.0 ' ' ' ' ' ' 20 21 22 23 24 25 26 006 0.07 008 009 010 011 012
backbone, but with the average number of 15 carbons between the acid groups. 1 : ' — n — : 320330 340 350 360 370 38 Li-O (A) 1/Li-0° (A™)
H MAS NMR results obtained at 294 K, at 30 kHz spinning speed. ~ The "Li MAS NMR chemical Temperature (K)
= The Li* neutralized ionomers were prepared by dissolving the acid copolymer in a 1:4 shift reported for 315 K. Figure 5 Temperature variation of the 7Li Figure 6: Ab initio calculations of the 7Li NMR chemical shift variation with Li-O
mixture of 1,4-dioxane and 1-butanol at 90 °C, adding the appropriate amount of lithium MAS NMR chemical shifts for different partially distances in the tetra-acetic acid-Li cluster.

acetate salt, followed by filtration of the resultant precipitant. These Li-neutralized

materials are designated as p22AA-43%Li, p15AA-45%Li and r15AA-31%Li. Wh at | S t h - St ' Ct U ral M O t | f’)

Li-neutralized p(E-AA) ionomers.

Conclusions

A) 0.035
fetection —— pP9AA-25%Li : -
I 0.030 - e EQAA-43%L: " Solid state MAS NMR reveals that distinct heterogeneous
/9 ' & —— Pp15AA-43%Li carboxylic acid structural motifs exist within the materials, while
Detection . ‘ only a single Li environment was observed.
L 0.025 -
IH T=NTy 1 [ ' I i . : .
) ”H'H ”ﬂ” ‘ 0.020 - " Using REDOR NMR it was shown that the two different
~ carboxylic acid proton environments result from different 1H-7Li
_ _ o _ O 015 - i coordination distances, and reflect the different acid coordination
= The solid-state 1D 'H magic angle spinning (MAS) NMR spectra were obtained on a ' : environments.
Bruker AVANCE-IIl spectrometer operating at 600.13 MHz using a 2.5 mm broadband 0010 oy U Li
MAS probe, with a 30 kHz spinning speed. | | ) W H = These environments do not change significantly with spacing
= The 1H'7L| REDOR eXperImentS were obtained US|ng the XY8 Sequence (B) The 0.005 A o C between acid groups or the degree of Li neutralization.
REDOR buildup curve simulations were performed using the SIMPSON software '
package. A series of different 'H-’Li dipolar coupling were analyzed to produce the 0.000 - ‘ O - Uncoordinated = MD simulations allowed the development of a structural motif
different bu_llo!up curves shown in _Flgur_es 2 a_md 3. | | . . . . . ‘ O - Coordinated/Unneutralized that can explain these observations.
= Fully atomistic molecular dynamics simulations were carried out using the LAMMPS 1 2 3 4 5 6 7
software, and the OPLS-aa force field. Simulations were carried out at a constant '4.7Li Distance (A) ‘ O - Coordinated/Neutralized = The structure involves acid coordinated Li atoms that are in
density and a constant temperature of 150 °C, well above the glass transition Figure 7: H-Li pair correlation functions for extended clusters. The majority of the unneutralized carboxylic
temperature of these materials. The number of polymer chains in the simulations varied : ' : : i i i i - inati
_ _ _ TS different p(E-AA) ionomers opredicted from MD . _ . . . . . acids are directly involved in the local Li coordination sphere,
between 80 and 200 depending on the spacer length, with each chain containing four simulationlz((150 20) P Figure 8: Extracted MD snap shot showing the two different *H-’Li bonding environments. with both oxygen atoms coordinating to the Li, and ths acid
repeat units (i.e. four acid groups). ' roton forming an additional hydrogen bond to another oxygen
. . . . . Table 2: Position of the maximum, relative fraction and average distance for the different 'H-"Li P . g ] y g Y9
The small Li*(CH;COOH), cIL_Jsters were (_)ptlmlzed in th_e gas phase using the environments predicted from MD simulations. coordinated to Li.
Gaussian 09 software (Gaussian Inc., Wallingford CT) using the 6-311++G(2d,2p) — : — —
. . . —_— ) Sample H-"Li Major H-"Li Minor <"H-'Li>
basis set, and density functional theory (DFT) utilizing Becke's three parameter (A) | Fraction (A) Fraction A) "= The NMR results also show that isolated, unneutralized, acid-
exchange functional, and the LYP correlation function (B3LYP). To evaluate the (%)* (%0)* acid dimer formation is not significant in these materials.
variation in the chemical shield as a function of Li-O distance, structures were re- PIAA-25%LI 2.91 84 5.49 16 3.43
optimized assuming a fixed and equal bond distance (symmetric cluster). The chemical Pi’SAAAA"‘j;/"/LL_ ;32 :2 :;‘2 ig 2-;“2’ = The Li environment is very consistent, and shows only a small
. . . . ge s p -43%L1 . ) . : . . )
shielding tensors, o, were calculated using the Gaussian 09 program utilizing the + G(r) integration regions were between 0 and 4 A and 4 and 7 A, variation with temperature.

gauge-including atomic orbital (GIAO) method at the DFT level.
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