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High Resolution Magic Angle Spinning (HRMAS)
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Todd M. Alam and Janelle E. Jenkins, “ HR-MAS NMR Spectroscopy in Material Science”, in Advanced Aspects of
Spectroscopy, Muhammad Akhyar Farrukh (Ed.), ISBN: 978-953-51-0715-6, InTech, (2012)




High Resolution Magic Angle Spinning (HRMAS)

Pulse Field Gradient (PFG) Diffusion Experiments
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Figure 8: A) Pictorial representation of the gradient produced along the magic angle of the rotor. B)
The decay of two different water signals found in a 1N methanol solution of an AEM membrane with
increasing gradient strength. Gradient strength values (G/cm) are shown above the stack plot.
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HRMAS NMR PFG Diffusion in Materials

® “ldentification of Multiple Diffusion Rates in Mixed Solvent Anion
Exchange Membranes Using High Resolution MAS NMR”, ACS
Macro Letters, 1, 910-914 (2012).

® “Characterization of Heterogeneous Solvent Diffusion
Environments in Anion Exchange Membranes”, Macromolecules,
47,1073-1084 (2014)
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® “Characterization of Free, Restricted and Entrapped Water
Environments in Poly(N-Isopropyl Acrylamide) Hydrogels via 'H
HRMAS PFG NMR Spectroscopy”, J. Polymer Science: Polymer
Physics, 52 1521-1527 (2014).
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® “The Effect of Curvature on the Dynamic and Diffusional
Properties of Phospholipids on Silica Materials using HRMAS
NMR”, In Preparation
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® “Measuring In-Pore Diffusion of Carbonate Solvent Mixtures in
Nanoporous Carbon”, Chem. Phys. Lett, Submitted (2015).
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Fuel Cells — Emerging Technology

“Old Technology — Material Advances Lead the Way”

= Convert chemical energy (fuel) to electricity using oxygen.

= Different types of fuels (hydrogen, methanol, ethanol...).

= Can produce electricity as long as there is fuel (unlike batteries).

= Power generation (backup), including remote sites, military, automobile.

= Higher efficiency (60 — 85%) that combustion systems (30%).

[ Hydrogen Station

£ Fuel Cell Hydrogen Tank
&)




Sandia -Fuel Cells and Desalination

Membranes

AEM Direct Methanol Fuel Cell
Semipermeable

CH,OH + 3/20, — 2H,0 + CO,
Membrane
Pressure

Methanol/Water @9 @ Oxygen (O,) Gas + Water

Oxidation Reduction
Half- Reaction ® Half- Reaction
CH;0H + 60H —

3/202 + 3H20 + 6e
CO, + 5H,0 + 6e - > 60H-

CO,lwater

° —} Unused oxygen/water

< Oxygen reduction

< Liquid fuel, existing infrastructure
reaction more facile in

«* Methanol high power density.
Anode Cathqd.e
alkaline solutions M

cotal o AEM eliminate CO; precipitation
. atalyst atalyst ., - : :
% Non-Pt catalyst possible Anion Exchange » Electro-osmotic flow opposite
Membrane crossover
(AEM)

= PEM Fuel Cells
= Alkaline Fuel Cells (AEM)
= |on Selective Electrodes

Development of new membranes materials for a wide range of technological
applications ultimately based on fundamental understanding of transport.

= Desalination

= Reverse Osmosis
= Electrolysis




Site Resolution in MeOH Fuel Cell Membranes

“The Odyssey Begins”
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Different water environments in polymers

= Water in hot pressed Nafion, Jeong and Han, Bull. Korean Chem.
""""‘pm Soc. (2009), 30, 1559.

2-138D = Water in PEEK, Baias et al, Chem. Phys. Lett. (2008), 456, 227,
4 kHz MAS (2009) 473, 142. MAS with SSB with no chemical shift resolution.

= Mele et al., J. Incl. Phenon. Macrocycl. Chem. (2011), 69, 403.
HRMAS resolution.

MeOH




HRMAS PFG NMR and Site Resolution

AEM 7-138D

Associated or “Bound”
Water

T,=850 ms
D=5.4x10"1m?s

ATMPP TMACPCC,

T,=113s
D=23x10"1m?/s

“Free” or Bulk

“ /4
Free” or Bulk
Water

MeOH

T,=2.0s
D=1.8x10° m?/s

T,=21s
D=1.6x10°m?/s
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Resolution is always exciting! Can ask questions about differences
between MeOH and water association with the membrane. g




TH HRMAS NMR of Different AEM Membranes
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Diffusion Analysis of Individual Species
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(R*(8)}=—6In[ E(g.4)/ E(0,8)]/ ¢*
(R*}=6Dz
(z3(8))=-21n[E(g.8) / EQ.8)]/¢"

(=)

= Associated diffusion is an order of
magnitude slower than free species
(Water and MeOH).

2D £

= MeOH diffusion slower than Water
in both environments.

= The ratio of D, ,./Dsee iS much

smaller for MeOH, suggesting
preferential association with
membrane.
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Diffusion Analysis of Individual Species

ATMPP
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Extract Az? from multiple
different A delays in PFG NMR

Evaluate possibility of
anomalous diffusion ( a # 1).

Most systems show normal
diffusion. As expected in these
membranes.

Associated water environment
reveal fractal diffusion at lower
hydration/temperatures.




Diffusion in 3D Printed Materials

Direct-write of Corning SE1700 siloxanes.

Multi-layer (4 to 8 layers).

Variable write and spacing (200 — 400 um).

Different cure protocol.

Diffusion of different penetrants?




Penetrant Diffusion in 3D Printed

7.7 wt%

Silicone Materials

27.7 wt%

= HRMAS NMR allows
resolution of penetrant
diffusion.

= Especially at low
PDMS swelling concentrations
Octane Static

Octane (Q)
A MAS J\J\/p

PDMS

3 2 1 0o 4 2 -3 5 4 3 2 1 0 4 2 3

Dow Corning SE1700

e PDMS _ _ _
= Separation in static PFG
NMR diffusion experiments
S i aw impacted directly by degree
i O kof cross-linking.
Octane - MAS OCtanerL_,JL
5 4 2 1 0 1 2 3 5 4 3 2 1 0 1 2 3

H (ppm) 'H (ppm) 13




Overlap in Diffusion Signhal Decay

HRMAS NMR PFG

= No need to separate/extract slowly
decaying siloxane signal from
octane penetrant.

Signal

Signal

Octane

[[[[[[

yyyyyyyyyyyyyyy

GGGGGGGG

Octane + :
Dow Corning |
SE1700 "




Diffusion of Penetrants in Polymers

Linear PDMS Fujita (Free Volume)
1gctane Reduced Diffusion in PDMS Effective Viscosity D o _ B( f - fp)
2500 - : ;OCStSt Do (Q_l)fs2 +fsfp
1.0 1 v 50cSt
V. +V
0.8 2000 - Q:L:K_u
o :‘5 (pp VO Vp
g %] n%: 1500
04| " Sacing (Hydrodynamic)
1000 H
0.2 1 ® 1cStPDMS
A 20 cStPDMS
v 50cst 500 | D =
0.01 2 3 4 5 6 7 8910 0.1 1 Fo_exp{_aQ }
Q (Volume Swelling Fraction) Polymer Volume Fraction ¢,
= Diffusion is dependent on concentration of penetrant! Petit (Hydrodynamic)
= Behavior varies with the polymer/penetrant system.
= “Local” effective viscosity can extracted from D/D,. D !

D, T 1+a0™
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Diffusion of 3D Printed Siloxanes

Impact of Silica Filler

1.0
0.8 -
0.6 -
QO
o
0.4 1
0.2 ® Linear PDMS
A ® Sylgard (non-filled)
A Dow Corning SE1700
0.0
1 2 3 4 5 6 7 8910

Q (Volume Swelling Fraction)

= Reduction diffusion in filled PDMS is present.

= Differences increase with degree of swelling.

16
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Diffusion of 3D Printed Siloxanes

Impact of Production Length Scale Probe
(Layers and Cure) 1.6e-9
1.0 @ 27.7wt%
B 36.1wt%
o 1.4e9 ¢ 468 wt%
08 Nm A 13wt%
£
= 1.26-9 TS . ¢ .
: ¢
0.6 1 ) B
~ £ 100 | W m O " "
5 8 (L, ~ 32 um)
0.4 | et [ I ® ® ® ®
S 8.0e-10 -
(72
=
0.2 ® 3DPDMS-8I £
2 | - - 8 layer o i
a A 3D PDMS -5 layer 6.0e-10 A A A A A
P B 3D PDMS - 6 layer (cure) -
—— Linear PDMS 50 cSt
0.0 T T T T 4.0e-10 T T T T T
0 20 40 60 80 100 0 100 200 300 400 500
Octane Wt% Diffusion Delay A (ms)

= No impact on nhumber of direct-write layers on overall diffusion.

= No restricted diffusion on 10-50 um length scale (homogeneous diffusion)
17



Penetrant Mixtures in Swollen Siloxanes

"H HRMAS NMR

= Different penetrants are
unresolved under static
conditions.

= Well resolved under HRMAS
allowing individual diffusion
constants to be measures.

PDM . .

Cyclo Hexane ° = Also reveals differential PDMS
L\Octane species in swollen material.

Q=14

I\ 44JL7 HRMAS




Diffusion for Penetrant Mixtures

Mixed Penetrant = Diffusion of penetrants not
1.0 strongly impact by solvent fraction
[octane/(octane+cyclohexane).
§ = Diffusion well described by simple
08 | free volume description.
= Need to investigate non-ideal
solvent mixtures to identify
06 | preferential surface interactions.
o
S b= N= SESe CiN(l
=)
0.4 1
§(0.66)
(0.60)
(0.53)
0.2 A
® Octane
® Octane/Cyclohexane
0.0
1 2 3 4 5 6 7 8 910

Q (Swelling Fraction)



Resolution in Nanoporous Composites

9:1 Octane:PDMS on Al Oxide Membrane

Static

Octane
PDMS
DID0 =0.18 HRMAS

I ' { ' I ' I

6 4 2
7

-2 -4 ppm
| [

6 4 2

Octane

D/D, = 0.96

I

0 -2 -4 ppm

PDMS
l L Pure Liquid

0
|
1

' I ' I ' I
0 -2 -4 ppm

Example of surface interactions
impacting diffusion.

Adsorption into Al oxide membrane
reduces diffusion of octane by a
factor 5.

Not a simple free volume effect!




Conclusions

Hydrated
St/ati’c//\
[ 5 4 3

HRMAS NMR

Anion Exchange Membrane
_—

H20O
Free

h. Associated
Hydrated MeOH
4 kHz MAS Free Associated

6 5 4 3
"H Chemical Shift (ppm)

= HRMAS PFG NMR does provide improved spectral resolution and is a novel tool
to study diffusion in heterogeneous polymer materials and composites.

= The picture of MeOH fuel cell membrane had evolved from a homogeneous (single
diffusion constant) to a description of multiple diffusion environments produced
by differential chemical interactions.

= |deal tool to measure diffusion in siloxane materials — especially for mixed
solvents!

= |n the case of 3D printed siloxane concentration dependent diffusion described
well by free volume models.

= |n Al-oxide: Polymer composites surface interactions appear to play an more
dominant role.

21



Acknowledgements

R
0

Dr. Michael Hibbs (SNL)

Dr. Cy Fujimoto (SNL)

Randi Miller (UG)

Kim Childress (Graduate Student, UC-Boulder)

Tom Osborn Popp (Graduate Student, UC Berkley) gm;




Backup Slides




AEM Direct Methanol Fuel Cell
CH3OH + 3/20, — 2H,0 + CO,
9

Methanol/Water ° @® @ Oxygen (0,) Gas + Water

Reduction
Half- Reaction
3/20, + 3H,0 + 6e-
— 60H-

Oxidation
Half- Reaction
CH;0H + 60H —
CO, + 5H,0 + 6e

CO,/water === Unused oxygen/water

% Liquid fuel, existing infrastructure

% Oxygen reduction ] )
** Methanol high power density.

reaction more facile in Anode Cathoge . R
kali : ¥° AEM eliminate CO, precipitation
alkaline solutions Catalyst Catalyst . Elect tic fl it
= L (4 -
< Non-Pt catalyst possible Anion Exchange . coro-osmotic low opposite
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Fuel Cells &
Desalination

Theory of
Conductivity

Example
AEM and PEM

Nanostructure
Motivation

Aging
Effects

Di-Block
Polymers

Tri-Block
Polymers

Pulse Field Gradient

PFG NMR

\
A
y

v

Spin
Echo

B(t,z)=g(t)z=

—sl’ﬁ :
SN

B(t,7)= (B, + B(t,2))

O
N,

o(t,z)=yB, +yg(t)k

aB 6,+6
% #(2)= [o(t,2)d1 = y= 5[ g(t)d

= The loss of signal is due to incomplete refocusing as a result of diffusion.

Conclusions = The ¢ is dependent on position and gradient strength.

= Higher positional resolution requires increased gradient strength.




PFG NMR Equipment

Fuel Cells &
Desalination

Theory of
Conductivity
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Aging
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Di-Block
Polymers

Tri-Block
Polymers

Conclusions

Water cooled
diffusion probe

Gradient control and
B, emphasis unit

High power
gradient unit




Diffusion Process

Fuel Cells & Propagator
Desalination }_) P74 7 7 T Al thi :
Ft:_[ v+7r,r,t r)dr, | IS water
Theory of ( ’ ) (1 >712 )po( 1) 1 has diffused out %
Conductivity 4 -l of thﬁlvoxtetl)and D=23*10" m%¥s
WIill no e
W2 refocused! t/ms = 1; 5; 10; 20; 40; 80
P(F,0) = exp| - | il
Example t) 3 p 4Dt i
AEM and PEM (47 Dt) 4 il[
— m\
Nanostructure I M El Ii w )
Motivation , o BRI 1] ] S —
- F ()= | P(F,0)F* di,=6Dt 50 40 30 20 -10 0 10 20 30 40 50
Aging
Effects
. z-zy/ pm
Di-Block
Polymers = Will use pulse field gradient (PFG) NMR (described next) to measure this
Tri-Block self-diffusion constant (D).
Polymers

= Signal from the PFG experiment is the FT of the diffusion propagator.

Conclusions

¥(g,5,A) = j P(z,A)cos(y g82)dz



Fuel Cells &
Desalination

Theory of
Conductivity

Example
AEM and PEM

Nanostructure
Motivation

Aging
Effects

Di-Block
Polymers

Tri-Block
Polymers

Conclusions

Stimulated Echo (STE)

Signal decay is measured by:

S(T+2T1):%exp(—2rl /T,~T/T,)exp| -Dy’g’5* (A-5/3)]

Where:

= T, = spin-lattice relaxation time

= 3 = length of gradient pulse = T,= spin-spin relaxation time
= g = gradient strength = A= inter pulse delay

= y = gyromagnetic ratio = D= diffusion constant

= 1, T: inter-pulse spacings

Pulse Field Gradient (PFG) provides one method for characterizing the
self-diffusion transport of species within the membrane.




High Resolution Magic Angle Spinning (HRMAS)
Pulse Field Gradient (PFG) Diffusion Experiments

nr2 n nr2 nr2 n DP-STE

Figure 9: Diffusion pulse sequences. Pulse Field Gradient (PFG) A) Spin-Echo, B) PFG Stimulated
Echo with dipolar gradients and spoil gradient based on Cotts e/ al. 13-interval sequence[85], and C)
PFG Stimulated Echo with dipolar gradients and spoil gradient with an additional eddy current delay.
Guas indicates that the gradient is applied along the magic angle. 29




Shimming The Probe Under

High Resolution Magic Angle Spinning (HRMAS)

Magic Angle

1
: 0=547°
V2 : .
Lab Gradient Coils ! .

Stator

Rotor

gMas_ _ 2 grab_ L piab O preb 3 piab

2T g3 - SN Ea-{r e G RN &

RF Solenoid

7 .
MAY _ Lap
Bze” = —qghiz

1EL|:'.E:'
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Table 1: MAS shims in terms of laboratory (Lab) frame[25]




PFG NMR and Site Resolution

Pulse Field Gradient (PFG) NMR used to measure diffusion.
Nafion SDAPP

111

98% RH
22 months

Free Water

98% RH

No significant

A=T7.5ms VYV Jdiffusion <<1012
[ I I I I I I I I I I I I
18 16 14 12 10 8 6 ,4 2 0 -2 ppm
SDAPP
(IEC = 2.2) A =25ms o~
~._98% RH
98% RH 22 months
L/\ A=50ms U‘WM
r— 1 -1 -1 -1 1 1T "~ T T 1T T "~ 1 "1 ' J | ' J ' J ) ! ' | ' !
18 16 14 12 10 8 6 4 2 0 -2 ppm 18 16 14 12 10 8 6 4 2 0 -2 ppm

Under static PFG NMR we have occasionally observed different water
environments, but the lack of resolution was never considered an issue!
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Temperature Effect on Hydrogen Bonding

The “free” waters within the membrane AEM Membranes Chemical Shift
. 1.7
are essentially the same as bulk 1M MeOH. ® Free Water - Membrane
\ © Bound Water : 7-138D
@® 1M MeOH
Free Water Bound Water — A Bound Water : 7-138C
£ @ Bound Water : 7-138B
a 1.5
2
&
> = 141
Decreasing hydrogen bond strength w
with increasing temperature. ©
L 13-
S
()
N
O 1.2 1
2 smg IEC (watex: content), <
—theourrdwaters become moresimilar /11/

to *bulk 4Waters“° The*®* temp@érature

1.0 T T T T T
varlaHtlon ASIAT i mcreases with IEC. 290 205 300 205 10
H ‘ " 0 H/O\\CH
)O""H/O“‘T H H> L ] Temperature (K)
" NS TN HC/T\CH <|>\
LB, o A8 = 8(H,0) - 5(MeOH)
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Where are these Associated Species?

Associated
H>O

Free Hy0 <

45, 44 43
hift (ppm)

/46

a7

TH Chemical Shift (ppm)

1H/Chemical S

TH Chemical Shift (ppm)

Cc) H,0

Tmix =50 ms

Aromatics

TH Chemical Shift (ppm)

= The 2D NOESY data (faster spinning speeds) reveal correlation between the
associated species (both H,0 and MeOH) and the membrane.

= Short mixing times suggest near the cation (N(CH,);*).
= Free species do not reveal any strong NOE correlations.
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2D H-H Exchange/NOESY Studies

Methanol

- - — 1

'F

= Free and associated domains exist.

30

= These domains show some
exchange.

4----

= Associated water and MeOH in close

contact with membrane.
Anion Exchange Membrane
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35
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2D H-H Exchange/NOESY Studies

a Associated-Free
0.14
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Sample F-H,O A-H,0 F-MeOH A-MeOH
D,(m’s) | a D,(m%s) | a D, (m?/s) o D, (m*s) | a
ATMPP (1.48) 1.43¢” 096 |234¢"” |0.74 | 1.08¢” 097 138" |0.92
ATMPP (1.79) 1.64¢” 096 |4.02¢" 095 |1.29” 1.0 | 1.73¢" 1.00
ATMPP (2.35) 1.37¢” 097 |6.75¢" 10.98 [9.79¢" 1.0 [297¢ |094
TMACPCC, (2.13) | 1.73¢” 1.0 [7.65" 095 |1.17¢” 1.0 [372¢"" 1093
TMACGPCC, (2.27) | <1.31e™>*|0.97 | -- - <7.92¢'>* [ 1.0 | -- --
TMACPCC; (2.60) 7.62¢"°  10.90 2.74¢" 1 0.80




High Resolution Magic Angle Spinning (HRMAS)

= “Liquid like
samples” need to
retain liquid under
MAS.

= Need to consider
centrifugation
effects under
MAS.

Figure 4: The tools and inserts used for HR-MAS NMR. These include A) the specialized tool for
screw cap insertion, B) the sealing screw cap, C) the upper insert (Teflon®), D) lower Teflon® insert
for 30 puL volume, E) screw for insertion/extraction of top insert, F) top Kel-F® insert, G) bottom
Kel-F® insert for 12 pL sample volume, H) plug for disposable insert, I) disposable 30 uL Kel-F®
insert, J) 4 mm rotor cap, K) disposable inserted partially in a 4 mm rotor, L) 4 mm zirconia MAS
rotor. All these parts are for the Bruker HR-MAS system, and may vary between vendors. 37




AEM and PEM Membranes

Anion Exchange Membranes (AEM)

i = High stability at elevated temperatures/pH.

0 i 0 = MeOH based fuel cells.
OOﬁ@O O O o‘@i = Non-precious metal catalyst at high pH.
= MeOH oxidizes easier at high pH
= High conductivity and ion selectivity.

PS-AEM R =H, CH,N(CH,),

HsC  CHs
\./ -
N—CHj OH

D006 fh

Q O Q (ATMPP)
aminated trimethyl 0—CF, F
polyphenylene [ \TA;O\CF"'/C 2’S<0H
DRXOEY, :

N—CH;

Nafion

= High thermal chemical stability.
= Easily processed, lower cost.
= Wide range of functionalities.

Sulfonated Diels Alder Polyphenylene (SDAPP) 38




AEM Membranes Investigated

ATMPP TMAC PCC,

Alkane spacers (Cg) added for higher mobility,
increased water content, alkaline stability

39




Chemical Shifts for Different Membranes

ATMPP Membranes AEM Membranes
5.0
Water  /J\ T T T T T T T T T T T T T T T T T
= _.-’I/I'—‘
1M Methanol 45
7-9M=2w g
o
bt 4.0 Bl Water
7-90-B(OH-) [EC=1.92 = ® MeOH
(7]
7_9(M\\M=1LO_//\\ ;—/L g 35 -
JL ’_//L_JL GE,
PrYS IEC =235 g PP
7-138-B S 4‘*’-‘/’_’
7—13MM=TM WL —e—
7-1M=1'48i A .
50 4.8 4.6 3.4 3.2 3.0 28 18 20 29 24 26 28

Lambda [H,O/TMA*]
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Anomalous Diffusion?

AEM 138-D (308 K)

10000
® FreeH,0
@ Associated H,0
© Free MeOH
1000 A @® Associated MeOH }z
e
NE /////3 .
3 /Q/’/ B ad
A 100 - e N @ o
N ~~© ’// ‘/.,
Vv /// -~ ‘/
:’ /.’/ -
// ’/
o -7
| [
10 ® ///
//
1 L}
0.01 0.1

Mixing Time (s)

Anomalous diffusion can be expressed
can be expressed through the power
law.

<22> =2D A"

o = 1, normal diffusion
o < 1, sub-diffusive
a ~ 0.7 2D fractal

Disappears with increasing temperature.
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In (D,)

In (D,)

In (D,)

-23

TMAC _PPC,

[EC=1.48

-23

s

[EC=2.13

16 320 324 328 332 336 340

[EC=1.79

16 320 324 328 332 336 340

e

[EC=2.35

316 320 324 328 332 336 340

1000/Temperature (K-')

-23

-19

-23

316 320 324 328 332 336 340

[EC=2.27

-

316 320 324 328 332 336 340

Activation Energies

IEC =2.60

e

316 320 324 328 332 336 340

1000/Temperature (K)

Sample IEC) E, (kJ/Mol)
F-H,0 A-H,O | F-MeOH A-Me(
IN MeOH 26.0 -- 27.0 --
ATMPP (1.48) 200 (44.0) [283 23.6
ATMPP (1.79) 29.7 24.5 26.2 29.4
ATMPP (2.35) 26.7 28.7 27.0 29.2
TMAC:PCCq (2.13) 376 (333) |38.6 30.6
TMACPCC; (2.27) -- 23.2 -- 65—
TMAC¢PCCs (2.60) 37.4) 375
= Results similar to Nafion and Nafion
composites.
= No direct comparison because
individual sites not investigated.
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Ratios of Diffusion Rates

Associated Sites ~5 times
0.8 - © 0s{ slower than 1N MeOH.
o 8 v
A\
? ¥ v v ATMC,PPC; higher
R . 3 $ ~°°1 diffusion.
Q 4] v - O 04- o 0o
\Y% v o o o) O
® e () o
“21 “Free Sites” NOT really like 1§ i g ¥
Bulk 1N MeOH! S ¥ Y 4
0.0 0.0

296 298 300 302 304 306 308 310 312 314
Temperature (K)

296 298 300 302 304 306 308 310 312 314
Temperature (K)
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Ratios of Diffusion (H,O/MeOH)

40
@ IECc=213
TMAC.,PPC, ¥ IEC=227
m =
3 & :;jjg
ATMPP w 1IEC=179
f B IEC=235
% 3.0 ® 1NMeCH
= ®
= 25 . v & -
5 " v v
= 201 © * .
Qs
&
1.5 1
——® — & — 5
10 T T T T T T T T
296 298 300 302 304 306 308 310 312 314
Temperature (K)

= All of these membranes show a preferential reduction of MeOH.

= Helps reduce MeOH cross-over in membranes.
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