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Introduction
 
Rational design of new materials to meet DOE performance targets 
requires greater insights on the diffusion mechanisms and phase 
transformation processes than are currently available.. 

Tritium NMR offers an Novel and Insightful •	 NMR measurements of Approach to Gain This Necessary Knowledge! relaxation times and spectra
 
provide direct and unique
 
opportunities to observe the
 
hydrogen isotopes in
 
crystalline & amorphous 

phases.
 

•	 major challenge with 1H NMR 
studies, is the ubiquitous 
amounts present in most 
hosts and/or contaminating 
sources (e.g., H20) obscuring 
signals from intermediate or 
transitory species involved 
with hydrogen transport and 
reactions. 
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NMR (Proton, Deuteron, & Triton) Experiments will Benefit Research
 
Efforts to Understand and Enhance Hydrogen Storage Properties
 

Research challenges: Unraveling the mechanisms of hydrogen uptake & release, in 
particular the chemical and physical processes that govern 
(i) hydrogen activation, 
(ii) hydrogen diffusion, 
(iii) phase conversion 

We will perform NMR with all three hydrogen isotopes (i.e., 1H, 2H, & 3H) to 
provide critical tests to predictions from advanced first-principles models and 
simulations for metals, hydrides, oxides, mixed phases, etc. for chemisorption 
reactions (e.g., MgH2, alanates, borohydrides, etc.) 

Species from the HyMARC 
Multi-scale modeling efforts 
would be identified and their 
mobilities verified from 
various NMR parameters. 

HyMARC 11/4/15 presentation. 
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Fig. 6. Multiple-quantum NMR magnitude spectra of the
synthetic hydrogarnet powder for preparation periods of dura-
tion (a) 240 ps (four cycles); (b) 360 ps (six cycles); and (c) 600
ps (ten cycles). The solid circles represent least-squares fits of the
multiple-quantum line intensities to Eq. I and indicate a proton
cluster size of four. Each phase increment point in the experi-
ment corresponds to the sum of40 scans of4096 complex spin-
lock points each, with a recycle delay between scans of4 s.

firmed in previous experiments (Baum and Pines, 1986;
Baum et al., 1985).

For more general systems containing nonintoracting
clusters of more than one size, Equation 1 can be modi-
fied in the following way:

I (+ m) : Ao +; 1 ---l+?i- - (z)
7- 

'- '(N, - m)t(N, + my
where the,4, represent the relative contribution oftheTth
cluster to the total intensity observed at a given m value,
and Z is the number of cluster sizes present.

Although Equations I and 2 contain no reference to
the properties of the spin system other than the cluster
size, or to the specific details of the multiple-quantum
experiment used to obtain the spectrum, the intensities
can in fact depend very strongly on a number of other
parameters, most notably on the duration of the interval
known as the preparation period. The multiple-quantum

CHO AND ROSSMAN: HYDROUS SPECIES IN GROSSULAR

experiments attempted in this work were therefore per-
formed several times, with successively longer prepara-
tion periods for each repetition. Convergence to the sta-
tistically determined limit was decided when the fitted
cluster size inferred from the spectrum ceased to increase
as the preparation time was lengthened.

Synthetic hydrogarnet powder multiple-quantum re-
sults. Multiple-quantum spectra of the synthetic hydro-
garnet powder for three preparation times are displayed
in Figure 6, accompanied by solid circles denoting the
nonlinear least-squares fit of the experimental intensities
to the single cluster intensity formula in Equation l. The
nonselective pulse sequence described in the experimen-
tal section was employed during the preparation and mix-
ing periods to generate the multiple-quantum spin coher-
ences. Because of the unique susceptibility of the zero
quantum line to errors from experimental artifacts and
instrumental instabilities, the intensity of this line only
was excluded from the calculation of the fit. The com-
puter program employed to fit these data incorporates a
table containing information on the maximum coherence
orders admissible for spin clusters of a given size N, thus
ensuring that the physical limits on the largest multiple-
quantum transitions observable in clusters of finite size
are recognized by the fitting program. The value of Nthat
best satisfied the least-squares criterion was determined
to be four for every spectrum, signifying that the statis-
tical limit has indeed been reached, and that the system's
predominant cluster consists of four H nuclei. In view of
previous independent work showing that H nuclei are
grouped in clusters of (OH)o tetrahedra (Cohen-Addad et
al., 1967), the determination of a H cluster size of four
validates the reliability of multiple-quantum NMR as a
method for counting clustered H nuclei in garnets.

Despite the goodness of fit of the experimental spectra
to Equation I for N : 4, the flnding that the hydrogarnet
cluster size is four is contradicted by the presence ofclear-
ly visible 4- and 5-quantum lines in Figure 6c. As dem-
onstrated in the appendix, all multiple-quantum transi-
tions involving lLml > 4 are forbidden in clusters with
N: 4 for this particular version of the multiple-quantum
experiment. The fact that these higher order transitions
are observed implies that the (OH)o tetrahedra cannot be
regarded as truly isolated in the NMR sense, and that a
residual magnetic coupling does exist between at least
some of the tetrahedra. Inasmuch as the dipolar coupling
is a function ofthe interproton vector and the direction
of the magnetic field (Abragam, 1961), the magnitude of
the intercluster coupling depends both on the position of
the tetrahedron urithin the structure and on the orienta-
tion of the individual crystallites constituting the powder.
In this and other cases, the least-squares fit becomes crit-
ical for extracting the most probable cluster size from the
experimental intensities.

Tanzanian garnet multiple-quantum results. The same
multiple-quantum experiment performed on the hydro-
garnet in the previous section was carried out on a sample
consisting of two Tanzanian garnet single crystals with a
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One approach to enhance the volumetric capacity of a 
physisorption sorbent material (e.g., MOF or carbon) is to 
demonstrate experimentally the sorption of 2 hydrogen 
molecules on a single metal site. While neutron 
diffraction is suitable for crystalline samples, NMR will 
provide alternative approach for amorphous or other 
disordered materials. 

Nuclear spin cluster (i.e., pair of T2 molecules) 
determination by multiple-quantum 3H NMR 

4 Cho and Rossman, Am. Min. 78, 1149 (1993). 



 
         

      

      
           
       
   

         

      
        
        

   

Outline
 

1. We propose two specific examples that will benefit from 
using 3H NMR to probe key issues 

•	 Experiment validation of the number of adsorbed H2 (T2) 
molecules on a single metal site (NMR should be viable for 
crystalline or amorphous material (e.g., carbon or non-
crystalline MOF). 

•	 Metal Hydrides (MgH2 plus tritium-doped catalytic additives). 

2. Properties of tritium (NMR & radiographic) 
3. Past tritium NMR work (Mound Laboratory & elsewhere) 

4. NMR of radioactive materials at PNNL (issues preparing 

& handling tritium samples) 

5 5 



    
     

     
  

   
   

  

     
     

    

   
    

     

  

Propose 3H NMR experiments for physisorption.
binding multiple T2(H2) to unsaturated metals 

•	 Computational results predict the 
binding of multiply H2 to 
unsaturated metal sites in properly 
designed MOFS. Need 
experiments to confirm and 
benchmark calculations. 

•	 NMR is very sensitive (small 
sample size) but difficult with H 
background from hydrogen in MOF 
linkers 

3H 
R-3 

R 3H 

M 

r/R = 1.6 
r-3 

3H 
r 3H 

M 

Simulated Tritium NMR spectrum of 
adsorbed 3H2: illustrating dependence 
of the splitting's on 3H-3H distance 
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3H NMR is unique approach for screening interactions of H2 to 
unsaturated metals in non-crystalline materials. 

•	 ‘Pake’ powder pattern (batman wings) 
shows unique splitting that is correlated with 
H—H bond distance. 

•	 Presence of 2 T2’s bond to single metal 
site will provide unique powder pattern. 

•	 Simulated Tritium NMR spectrum of 3H2 
molecules adsorbed on catechol-Mg and 
catechol-Mg: 1/RHH

3 dependence of 
splitting’s. 

ΔHads (kJ/mol) H—H (Å) kHz 
Cat Mg -18.6 0.755	 476 
Cat Ca -11.1 0.759	 470 

Tsivion, Long, Head-Gordon JACS 136 (2014) 136, 17827 

0.759 Å 

3H 3H 

470 kHz 

Predicted 3H NMR spectrum 
For catechol-Ca 
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Understanding Effects of Processing (e.g., Ball Milling) and “known to
 
be effective” Catalysts (e.g., Ti, Sc, V, Nb, etc.) on MgH2 . 


Specific questions to be addressed 
with 3H NMR experiments: 
•	 Additives enhance rates of H2 uptake 

and release in MgH2 – how does this 
work? Which additives are better? 
Why Nb2O5? 

•	 MgD2 vs MgT2; What is the chemical 
nature of the early sites populated 
(sub-stoichiometric amount of T to 
Mg, is T located only on surfaces or 
can hydrogen isotopes diffuse 
rapidly throughout bulk via defects? 

•	 NMR chemical shifts (3H spectra) will 
be used to identify key intermediates 
& products. 3H-NMR relaxation times 
(T1) will be used to identify 
dynamics, i.e., mobility & quantify 
activation barriers for H mobility and 
transport in presence of additives. 

Additives, labeled with T, will provide a 
quantitative approach to measure 
relative rates as function of temperature. 

Conradi, et al., JALCOM 
446-447 (2007) 499 
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Effect of Various Additives on Dehydrogenation Temperature of MgH2. 

The Percentage of the Additives to MgH2 was in mol%.
 

C. Zhou, et al., J. Power Sources 278 (2015) 38. 

T(des) = 600 K for MgH2 ball milled without additives 
T(des) < 400 K with intermetallics additives 
400 K < T(des) < 430 K with metals, hydrides, oxides of Ti, V, & Nb 

9 



     

     

      

Proton NMR of MgH2 with Additives
 

Conradi, et al., JALCOM 446-447 (2007) 499 

Corey, et al. JPC-C 112 (2008) 19874
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2D MAS (ν = 46 MHz, fs = 9 kHz) Room

Temperature Spectra of MgD2/TiD2
 

350 °C under 100 
bar D2 pressure 

230 °C under 100 
bar D2 pressure 

450 °C under 90 bar 
D2 pressure 

The D nuclei have 
non-cubic 
symmetry in the 
Rutile (TiO2) 
Structure 

S. Emery, et al., J. Phys. Chem. C 119 (2015) 7656−7661 
11 



      
   

      
          

     
         

     
     

 
       

         
       

 
      
     

Strategy for Incorporating Tritium NMR at PNNL
 
Radiological Spectroscopy Laboratories
 

into Hydrogen Storage Materials Research
 
1. Fabricate appropriate 3H sample probes & verify safe 

operation for proposed NMR experiments. 
2. Demonstrate feasibility of 3H NMR experiments to study 

key reaction processes & mechanisms 
•	 Processed tritiated MgH2/MgD2 with/without “catalytic” 

additives). 
•	 Demonstrate experimentally whether sorption of two 

H2(T2) molecules occur on a single metal site with NMR 
for crystalline or amorphous MOF candidates. 

Solicit & investigate samples from DOE researchers for 
reaction or isotope exchange with T2 gas. 
12 



    

 
  

    
 

   

  
   

 

     

      

     

    
 

            
 

  
   

        

NMR spectroscopy of hydrogen isotopes
 

Isotope 
Ground state 
nuclear spin I Half life (y) 

Quadrupolar 
moment 

(×10-24 cm2) 
Gyromagnetic 
ratio (2π Hz/G) 

Larmor 
frequency in 
11.74 T field 

(MHz) 
1H (H) 1/2 stable 0 4257.8 500.0 

2H (D) 1 stable 0.00282 653.6 76.8 

3H (T) 1/2 12.4 0 4541.5 533.3 

Tritium is Radioactive (Beta Decay): 

T  β(e-) + 3He + νe t1/2 = 12.36 Yrs 

Energy of Beta Particles: 

Average Energy 5.7 KeV; Max = 18.1 KeV 

13 



       
   

           
       

         

          
 

         
    

         

        
       

     

          
   

Why 3H NMR spectroscopy is attractive for studies of 
hydrogen storage materials  

Highest NMR sensitivity of all magnetic nuclei (5 ppm m/m) - 
(i.e., T/H signal ratio is 1.2 at fixed magnetic field) 

Spectral resolution equivalent to 1H
 

 

Spin = ½ just like protons (hence, no quadrupolar complications 
as with deuterons) 

No background signals from H-bearing hosts or environmental
contaminants (e.g., moisture, residual solvents, etc.) 
 

Site-selective detection through isotope labeling
 

 

Many attractive candidates can form hydride (tritide) phases 
directly from gas – straightforward synthesis or T can be added via
isotope exchange with hydride or deuteride solids 

Probe of reaction dynamics and energetics through

measurement of isotope effects
 14 



        
        

      
      

   

          
        

           
        

           
          

        
        

       

Technical Issue & Challenges for 3H NMR Experiments 
Radioactive (low energy beta-particles) imposes safety and

containment issues for potential volatile radioisotopes in liquid and MAS 
sample vessels (fabrication of robust & pricey components along with
development of adequate safety protocols) 
 

Synthesis of 3H-labeled materials (PNNL has equipment & expertise

to react materials with T2 gas up to circa 10 bar)
 

 

Development of NMR probes with adequate 1H-decoupling capability 
as the close magnetic moments of H & T may impact spin decoupling
methods, but difference is about same as with H & F spins, which have
been done previously (can also avoid by using mixed D and T samples) 

Safety protocols & constraints on pressure and temperature ranges for 
T-spins will restrict some in-situ NMR experiments, but ex-situ 
measurements following processing & treatment would be possible in
many circumstances. 

15 15 



        
      

        

         

       

          
   

     

        

            
   

     
 

   
      

Mound Laboratory was Heavily Involved with Metal Tritides
 

In-house processing, weapons surveillance & material synthesis (1955 until 
facility closure circa 1992) done at this AEC/DOE site in Miamisburg OH 

•Uranium tritide (UT3) reactors & storage systems (“U-beds”) 

•Palladium (Pd) separation & purification systems 

•Li(D,T) was made and fabricated into components for numerous 
nuclear weapons tests. 

R&D Projects for the Design Labs (Sandia, LANL, LLNL) 

•Mechanisms & mitigation of self-radiolysis effects in Li(D,T) 

•3He retention and release by aging metal tritides (i.e., accumulating 
from tritium decay 

Tritium storage & shipping containers (adapted U-beds) for fusion & commercial 
applications. 

Fundamental studies of hydrides as alternative energy candidates was 
supported by DOE/BES between 1975 and ~1987. 

16 



        
  

Developed & Utilized Unique Spectrometer for T & 3He 


17 

NMR Experiments 
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LiT Radiation Damage Characterized by Pulsed
Nuclear Magnetic Resonance Methods @ Mound Lab 

•Identified (H,D,T)2 & Li metal 
•Concentration from spin counts 

T2 Gas 

Li metal 

3He NMR SIGNAL 
19 



       Summary of Li(H, D, T) Behavior Derived from NMR
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Isotope Effects of Phase Transitions &
 
3H Relaxation times in the VTx Phases
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T Atoms in β-VT0.50 Diffuses Faster than H Atoms
 
in β-VH0.50 with Lower Activation Energy (Ea) 


22 

http:�-VH0.50
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23 



        
 

          
     

          
       

    
           

        
         

         
  

        
        
       

    
    

          

Update & Status of Metal Tritide & 3H NMR
 
Efforts
 

•	 Metal tritides are still being used in the DOE weapons complex (i.e., 
SRNL, LANL, etc.) & Energy & Environmental R&D (i.e., PNNL) 

•	 Research continues in USA, France, China, Japan, etc. on 
properties and helium retention in metal tritides relating to fusion as 
well as other nuclear and commercial technologies. 

•	 However, there appears to have been only one group (France @ 
MH2014) to use NMR to study 3He behavior in any metal tritide 
(e.g., PdTx) during past 25 years. (At Mound Laboratory we had 
developed & implemented a truly unique NMR methodology to 
investigate these materials!) 

•	 Over the past 25+ years, novel & highly sophisticated NMR
 
methods on 1H and 2H are currently being used to evaluate and
 
assess high performance hydrogen storage materials to meet the
 
very demanding requirements specified by DOE for hydrogen fuel
 
cell powered vehicles.
 

It is possible to do similar NMR experiments with T-spins. 

24 



    
   

             
 

Measurement of Long-Range Interatomic Distances by

Solid-State Tritium-NMR Spectroscopy
 

A. K. L. Yuen, et al., J. Am. Chem. Soc. 132 (2010) 1734
 
(French Researchers) 
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Magic-Angle-Spinning (MAS) provides Substantial
 
Improvement in Resolution from Solid Samples
 

29Si MAS NMR spectroscopy 

10 wt% 239Pu-doped zircon 

static 

3.5 kHz spinning 

Farnan, Cho, and Weber, Nature 445, 190 (2007). 
30 



 
 

          
       

          
    

Appendix
 
Additional information not covered during the presentation along with a 
collection of open literature references on NMR studies of tritium behavior 
and 3He retention and distribution in metal tritides. A bibliography of 
tritium NMR publications on other materials is also included. 

31 
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Tritium is the Most Sensitive Nuclei for
 
NMR Measurements
 

A (conserva6ve) es6mate for the detec6on threshold of T2 by NMR:
Minimum detectable number of T nuclei by NMR ~ 1x1016 nuclei
Molecules of T2 in minimum detectable amount ~ 5x1015 molecules
Moles of T2 in minimum detectable amount ~ 8.3x10-‐9 moles

Volume of minimum detectable T2 at STP = 0.00019 mL(STP) of T2 gas

Mass of tri6um = 0.05 μg = 4.8 mCi

33 33 
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NMR Relaxation Times & Diffusion
 
(Very General - Focus on Hydrogen Isotopes) 


Pulsed NMR Sequences: 
T1 Spin-Lattice: from 180º-τ-90º and (90º-t)n-τ-90º 
T2 Spin-Spin: from free induction decays (T2*), 2-pulse echoes (T2'), and 

Carr-Purcell-Meiboom-Gill (CPMG) echo trains (T2m) . 
T1ρ Rotating-Frame: from CW (not chopped) spin-locking. 
T1D Dipolar: (T1 of dipolar-ordered state, essentially T1 in zero field) 

• Correlation time, τc:  T1, T2 depend on τC and M2 

(M2 = mean-squared dipolar interaction) 1/T2 = K * M2 * τc 

• Mean residence time, τ = 1/ωΗ:  Diffusion Coefficient: 
τc = τ / 2 D(T) = f<l2>/(6 τ) 

• Activation energy (Arrhenius), EA: 
1/ τ = (1/τo)exp(-EA/kT) 

τO 
-1 = attempt frequency 

35 



        
              

    

       
      

         
          
       

            
       

           
   

         
            
    

          
               

    

       
    

Reviews on Mostly Conventional Solid State
 
NMR Studies of Metal Hydrides
 

R. M. Cotts, “Nuclear Magnetic Resonance on Metal-Hydrogen Systems” in Hydrogen in 
Metals I – Basic Properties, edited by G. Alefeld and J. Völkl, Topics in Appl. Phys. Vol. 28 
(Springer, Berlin, 1978) pp. 227-265. 

R. C. Bowman, Jr., “Hydrogen Mobility at High Concentrations” in Metal Hydrides, edited 
by G. Bambakidis (Plenum, New York, 1981) pp. 109-144. 

R. C. Bowman, Jr., “NMR Studies of the Hydrides of Disordered and Amorphous Alloys” in 
Hydrogen in Disordered and Amorphous Solids, edited by G. Bambakidis and R. C. 
Bowman, Jr. (Plenum, New York, 1986) pp. 237-264. 

D. Richter, R. Hempelmann, and R. C. Bowman, Jr., “Dynamics of Hydrogen in Internetallic 
Hydrides” in Hydrogen in Intermetallic Compounds II – Surface and Dynamic Properties, 
Applications, edited by L. Schlapbach, Topics in Appl. Phys. Vol 67 (Springer-Verlag, 
Berlin, 1992) pp. 97-163. 

R. G. Barnes, “Nuclear Magnetic Resonance in Metal Hydrogen Systems” in Hydrogen in 
Metals III – Properties and Applications, edited by H. Wipf, Topics in Appl. Phys. Vol. 73 
(Springer, Berlin, 1997) pp. 93-151. 

R. Hempelmann and A. Skripov, “Hydrogen Motion in Metals” in Hydrogen-Transfer 
Reactions, edited by R. L. Schowen, J. P. Klinmann, J. T. Hynes, and H. H. Limbach 
(Wiley-VCH, Weinheim, 2007) pp. 787-829. 
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T(3H) NMR Spectra of LiBT4 & NaBT4 Solutions (1996) 



            
     

                 
        

    
              

        

      
                 

 

         
           

                
     

             
   

             
        

      
          

    

Bibliography of T & 3He NMR Studies in Metals and Metal Tritides 
Los Alamos Scientific Laboratory [LANL] 
F. E. Pretzel, D. T. Vier, E. G. Szklarz, and W. B. Lewis, “Radiation Effects on Lithium Hydride”, LASL 
Technical Report LA-2463, Issued August 24, 1961. [Li(D,T)] 

Lawrence Radiation Laboratory [LLNL] 
P. C. Souers, T. A. Jolly, and C. F. Cline, “Pulsed Nuclear Magnetic Resonance Study of Irradiated 
Lithium Hydride”, J. Phys. Chem. Solids 28, 1717-1719 (1967). [Li(D,T)] 

Sandia National Laboratories – Albuquerque [SNLA] 
•H. T. Weaver, “NMR Studies of 1H and 3He Contained in Gold Films”, J. Appl. Phys. 42, 2356-2361 
(1971). 

•H. T. Weaver and W. Beezhold, “Study of 3He+-Bombarded Palladium using Nuclear Magnetic 
Resonance Techniques”, J. Nucl. Mater. 53, 346-348 (1974). [Pd thin films] 

•H. T. Weaver and W. J. Camp, “Detrapping of Interstitial Helium in Metal Tritides – NMR Studies” 
Phys. Rev. B 12, 3054-3058 (1975). [TiTx] 

•H. T. Weaver, “Aging Behavior of Radiation-damaged Titanium Tritide from 3He NMR”, Appl. Phys. 
Lett. 30, 80-82 (1977). 

•H. T. Weaver, “The nature of 3He Confinement in Transition Metal Hydrides”, in Hydrides for Energy 
Storage (Pergamon Press, New York, 1978), pp. 129-134. [TiTx, ScTx] 

Sandia National Laboratories – Livermore [SNLL] 

Rev. B 44, 4178-4184 (1991). 
•G. C. Abell and D. F. Cowgill “Low-temperature 3He NMR Studies in aged Palladium Tritide”, Phys. 
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Bibliography on Tritium NMR Studies in Other Materials 

•	 E. A. Evans, J.A. Elvidge, J.R. Jones, D.C. Warrell, Handbook of Tritium Nuclear 
Magnetic Resonance Spectroscopy and Applications (Wiley, London, 1985). (Only 
solution phase NMR) 

•	 J. R. Gaines, P. C. Souers, E. M. Fearson, J. D. Sater, & E. R. Mapoles, “Effect of 
high atom densities on the NMR relaxation times in solid T2 and DT” Phys. Rev. 
B. 39 (1989) 3943. 

•	 D. M. Heinekey, A. S. Hinkle, J. D. Close “Quantum Mechanical Exchange 
Coupling in Iridium Trihydride Complexes” J. Am. Chem. Soc. 118 (1996) 5353. 
(Only solution phase NMR) 

•	 C. Than, H. Morimoto, H. Andres, P. G. Williams, “Synthesis, NMR 
Characterization, and a Simple Application of Lithium Borotritide”, J. Org. Chem. 
61 (1996) 8771. (Only solution phase NMR) 

•	 C. Than, H. Morimoto, H. Andres, P. G. Williams, “Tritium and Deuterium Labelling 
Studies of Alkali Metal Borohydrides and their Application to Simple Reductions”, 
J. Labelled Compds. Radiopharm. 38 (1996) 693. (Only solution phase NMR) 

•	 A. K. L. Yuen,et al. “Measurement of Long-Range Interatomic Distances by Solid-
State Tritium-NMR Spectroscopy” J. Am. Chem. Soc.132 (2010) 1734. (MAS & 
CPMAS 3H NMR experiments). 
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