
Chemometric AnaIysis of Two Dimensional Decay Data:
Application to 170 NMR Relaxation Matrices~

M. Kathleen Alama and Todd M. Alamb

‘Materials and Processing Computational and Modeling Department
bDepartment of Organic Materials Aging and Reliability
Sandia National Laboratories, Albuquerque, NM 8718~~~ ~1~ ~D

Introduction

The spectroscopic identification of new chemical species produced during aging of
materials continues to be an area of importance. The accurate identification and quantification of
these degradation species is technically demanding for a variety of spectroscopic techniques.
Difficulties in obtaining accurate analysis is a function of many different causes including; (1)
interference between the spectroscopic signature of the degradation species during aging of the
material (usually at very low concentrations) and the signal from the unaged or bulk material
(relatively high concentrations), (2) spectral overlap between similar species and (3) limited
sample quantities and/or sample numbers. In the case of aged materials, the limited number of
available samples results in the quantification and separation of degradation species from the
analysis of a single spectrum or measurement. This reliance on a single measurement for
quantification can lead to significant errors or biases as discussed below. In this presentation the
development of new chemometric techniques to reduce or eliminate the impact of (2) and (3) on
the analysis of spectroscopic data is presented. In particular, the use of a Direct Exponential
Curve Resolution Algorithm (DECRA)[1,2] as well as a Complete Two Dimensional Band Shape
Analysis (CTBSA) on data sets involving variations in the signal amplitude due to decay are
discussed. The benefit of these methods is that a single sample can be used to create data matrices
by modulating the amplitude through some experimentally controlled parameter. The use of the
DECRA and CTBSA methods is general in nature, and can be used for a variety of spectroscopic
analysis including absorption and fluorescence emission, polarized fluorescence, linear, circular
and magnetic dichroism, nuclear magnetic resonance (NMR), and magnetic resonance imaging
(MRI).[3]

The use of ’70 NMR spectroscopy as a tool to investigate aging in polymer systems has
recent] y been demonstrated. [4,5] Because the natural abundance of ’70 is extremely low
(0.037%), the use of labeled ’702 during the oxidation of polymers produces ’70 NMR spectra
whose signals arise entirely from the degradation species (i.e. signals from the bulk or unaged
material are not observed). This selective isotopic labeling eliminates the impact of interference
from the unaged material, cause (1) above. As discussed by A lam et al. [4,5] spectral overlap
between different degradation species as well as errors in quantification remains a major
difficulty in 170 NMR spectroscopy. As a demonstration of the DECRA and CTBSA methods,
relaxation matrices obtained from ‘70 NMR for model alcohol systemk are evaluated. The
benefits and limitations of these newly developed chemometric techniques are discussed.
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Theory

The basis for both of these techniques is the experimental measurement of spectra A,(v)

composed of m data or frequency (v) points described by

A, (V)= ~ dljCljPi (1)
;=l

where the summation runs over the number of components contributing to the spectra, dji is an
experimental] y controlled amplitude modulation for component, CV is the concentration of

component j, and Pj is the pure component spectra. By combing spectra Aj (v), where only the

amplitude modulation changes between the individual spectra, into a decay data matrix A, the
determination of the invariant pure component spectra and concentrations is now possible. NMR
spectroscopy has the unique capability to control the amplitude dti through carefil choice
experiment types. For the examples discussed here the spectra decay matrix A is obtained
using a spin-lattice inversion recovery experiment, where the variable ~ is directly controlled
the experimentalist.

Inversion Recovery T1 Experiment
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For each individual spectral component Ai (v), the amplitude modulation du will be of the form

du(r,) = [1 - cexp(-ri / T,j)] (2)

where ~i is the experimental delay used to obtain spectra Ai (v), c describes the efllciency of the

n inversion pulse, and Tu is the relaxation time of component j. Other relaxation phenomena can
also be used to produce relaxation matrices for analysis including T2 spin-spin relaxation as well
as pulse field spin echo (PGSE) diffusion experiments.[ 1,2] While the functional form of the
amplitude modulation dti is different depending on the relaxation experiment utilized, all produce
decay functions involving exponential decay. Similarly, fluorescence decay can be used to
produce the desired relaxation decay matrices.

Through clever manipulation of experimental parameters, the entire relaxation matrixA
can be formed using a single sample. The concentration and pure component spectra are now
derived from the analysis of an entire matrix of related spectra and not obtained from a single
experimental spectrum, thus reducing the error in the results obtained.



Complete Two-Dimensional Band Shape Analysis

This method utilizes a simple optimization of the line shape and decay function as given
in eqn. (1) and (2) for the entire A data matrix. As a first approximation, it is assumed that the
pure component spectrum is given as a linear sum of overlapping Lorentzian and Gaussian
Iineshapes:

q =(1 – X)pe + -&@’z’””J J
(3)

where x is the Gaussian fraction in the mixed line shape. Theoretically the NMR spectra are
expected to be described by some form of this mixed line shape function. Experimentally this
assumption is not always found to be correct, as demonstrated in the discussion below. Future
implementation of the CBTSA method will remove any assumed line shape function as was made
in eqn. (3), resulting in a fully optimized band shape analysis, similar to that described in
component resolved (CORE) spectroscopy. [6,7]

DECRA

It has been shown that an ambiguous solution to the pure component and concentration
values in eqn. ( 1) can be obtained when two data sets are available with the following relationship

A = CPT

B = CaPT
(4)

where A and B are equal size m x i matrices composed of i spectra composed of m data points,

and a is a proportionality constant between the two data sets. In previous examples of this
technique, two different experiments were performed on a single sample to give the related data
sets in eqn. (4). It has been demonstrated for NMR data that a single experimental relaxation data
matrix obtained on a single sample, can be use to create A and B if different parts of the full data
set are used. As an example, if the relaxation matrix contains i = 30 equally spaced time
increments in the relaxation curve given in eqn. (2), then the time increments i = 1-29 can be used
in the formation of matrix A, while time increments i = 2-30 are used in the formation of matrix
B. In this case the proportionality constant czis given by

CLj = d(;+,)j(Tj+l)/djj(Ti) (5)

Equation (4) can be rearranged to give

A(PT)+ = B(P~)+ ~ AZa = 13Z (6)

which is a generalized eigenvector problem, with eigenvector Z and eigenvalue a. The use of
generalized rank annihilation methods (GRAM) or similar techniques allow solutions to eqn. (4)
to be quickly determined.



Discussion

A mixture of 3-methylbutanol and ethanol at natural ’70 abundance (0.037Yo) was used
as a model system to implement both the CTBSA and DECRA algorithms. Mixtures of these
alcohols were recently analyzed by net analyte signal (NAS) techniques, and it was demonstrated
that the spectral interference in primary alcohols of similar chain length could be very large. [8] A
relaxation data matrix obtained using the spin-lattice pulse sequence presented in the theory

section, and being composed of 26 equally spaced ~i increments ranging from 5 ps to 2600 vs
was anal yzed.

Figure 1 shows the experimental and theoretical fits of the ’70 NMR relaxation matrix as
a result of CTBSA analysis. Note the rather large residuals that are produced as a result of the
assumption about the line shape, as given in eqn. (3). Itis clear that this assumption is not valid!
Unfortunately, this is the typical assumption made in deconvolution of NMR line shapes, and it
may not be readily apparent when considering only a single spectrum. The inherent error in this
assumption could prove to be relatively large in the analysis of severely overlapped or extremely
weak NMR spectra,

. X108 Estimated Data, dark; Original Data, light

-6 [ J 1 1 I 1 i I
-30 -20 -lo 0 10 20 30 40

PPM

2 -
A.-
$0 -
z

-2 -

-4 ‘ I 1 r ! I t I

-30 -20 -lo 0 10 20 30 40
PPM

Figure 1 Experimental and theoretical overlay of CTBSA results for ethanol and 3-methylbutanol
NMR relaxation matrix analysis.

’70

It is clear that any improvement that can be made to the analysis of these ’70 NMR spectra would
be advantageous. In Figure 2 the experimental and theoretical fits resulting from DECRA are
shown (the difference is not resolvable). The agreement is excellent as shown in the residual plot
where the magnitude of error is - 10-’3times smaller than the signal intensity.
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Experimental and theoretical overlay of DECRA results for ethanol and 3-methylbutanol 170Figure 2
NMR relaxation matrix analysis.

Results and analysis of the CTBSA and DECRA methods for ’70 NMR including
discussion of pure component reconstruction, experimental limitations, factors controlling errors
and computational improvements will be presented.
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