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Characterizing mixtures is a complex process, especially when T T, T
the components are chemically similar. Pulsed gradient spin echo > <>
(PGSE) NMR, coupled with various data processing schemes, has D1 I
been used to perform mixture analy5ig.Separation is based on time

differences in solution diffusivity (i.e., hydrodynamic size). Ap- _
plications to polymer analysfs? protein binding® and process  Figure 1. Stimulated echo pulse sequence.

monitoring! have recently been described. One drawback is that forms a strong hydrogen bond to the surface of the metal oxide,
PGSE NMR is inherently nonquantitative. Because the experiment gpg exchange is slow on the NMR time scHleBecause the
is echo-based, differences in the relaxation behavior of the nuclei diffusivity of the adsorbed oleic acid is much lower than the free
among the components give rise to varied intensities and lead togeic acid, PGSE NMR is well suited to address the problem.
nonquantitative spectra. This work describes a direct method to Because of reduced molecular mobility, relaxation times of the
obtain resolved, quantitative spectra from mixtures. bound oleic acid are shorter, and the spectrum is broader than that
Of the several data processing schemes available, one that isyf the free material.
particularly useful for resolving mixture spectra having high spectral Experiments were performed on a Varian Inova NMR spectrom-
overlap is the direct exponential curve resolution algorithm gter, operating at 8H frequency of 400 MHz using a standard 5
(DECRA)#1>14 DECRA resolves pure component spectra and the mm, z-gradient probe. A stimulated echo pulse sequence employing
respective diffusivities and has several advantages. It is computa-ty o bipolar gradient-pulse composites was usesix PGSE NMR
tionally fast and, with only a small number of acquired spectra, experiments were performed with variedandr, delays.r; and
can separate highly overlapped components, which have diffusion ¢, are varied simultaneously but have the same ratis, 7:/7, in
coefficients that differ by as little as 30%. The method presented g5ch experiment. This is key in enabling a simple linear least-
here re-establishes quantitative information by combining the squares analysis. The values used for &e 0.00745, 0.00785,
DECRA analysis of several PGSE NMR experiments obtained by 9 00905, 0.01145, 0.01545, and 0.02345 s. The values usegl for
using different delay times in the pulse sequence. From the results,are 0.149, 0.157, 0.181, 0.229, 0.309, and 0.469 s. Ten spectra were
quantitative spectra of the resolved components are extrapolatedcoliected in each experiment with the same varied gradient strength,
The method is named quantitative DECRA (qDECRA). g: 2.00, 30.06, 42.46, 51.98, 60.02, 67.10, 74.49, 79.38, 84.85,
Figure 1 illustrates the stimulated echo pulse sequence commonlyznd 90.00 G cmt. These are varied so that the differencegiris
used in PGSE NMR experiments. The solid boxes represent radiog constant, a necessary condition for DECRA analysis. A value of
frequency,n/2, pulses, and the hatched boxes represent gradient1g s which is longer than 5 times the long&stfound in the
pulses. The following equation describes the signal attenuation of sample, was chosen for D1. Temperature was controlled 3€23
the spectrum obtained from the Fourier transform of the half<echo Figure 2a shows thid NMR spectrum of the zirconia dispersion.
_ 2 5 Evidence of the narrower spectrum of the free oleic acid is seen in
E(Qv) = ZAn(v)exp[—an (A="7)—-R @) superposition to the broader spectrum of the bound oleic acid. The
A DECRA analyses of the sixth and first experiments are shown in
whereq = ygo, y is the gyromagnetic ratio of the nucleus (rad Figure 2b. Three components are resolved: bound oleic acid (red;
T-1s71), gis the gradient pulse strengt (1), o is the gradient top); free oleic acid (blue; bottom); and solvent (not shown). The
pulse width (s), and\ is the effective diffusion timeA,(n) is the mole percent bound oleic acid, calculated from the integral areas,
amplitude at a frequency value of theh pure component in is 56 and 74% for the sixth and first experiments, respectively.
solution having a diffusion coefficient dD,. R is equivalent to The differences in relaxation rates between the bound and free
214/T, + 1,/T; and accounts for signal attenuation that is due to populations are evident in comparing the results of the two
relaxation.T; and T, are exponential time constants that describe experiments. The difference in signal between the bound and free
the longitudinal and transverse relaxation, respectively, of the nuclei is greater for experiment 6 compared to experiment 1. Therefore,
within the sample. The greater the relaxation differs among the the true fraction of bound material is underestimated. Furthermore,
components or the different moieties within each component, the the difference in relaxation between the methylene groups and the
more the final spectral intensities deviate from the true values. For methyl group within the resolved bound component is seen when
example, because of reduced molecular mobility, chemical speciescomparing experiments 6 and 1.
associated with solid surfaces will have shorter relaxation times  The procedure used to arrive at the correct value for the bound
than those that are unassociated and, therefore, will have spectrdraction is straightforward. The DECRA analysis is performed on
that experience relatively more signal loss. each experiment and provides the= 0 spectra. A series of six
An oleic acid/nanoparticulate zirconia dispersion in CD (20 spectra for each DECRA-resolved component are used to extrapo-
mg/mL, 5 nm ZrQ) is examined. Quantification of the oleic acid late the quantitative spectrum for each component. This is done
partitioning is desired. The carboxylic acid group of the oleic acid point-by-point above a noise threshold in the spectra. Figure 3 shows
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a b -CHy spectral deconvolution on a portion of the normal NMR spectrum,
HOOC c which produced a value of 82%.
| The average diffusion coefficients of the three resolved compo-
b nents are 40.6t 3.5, 9.544+ 0.76, and 1.5H- 0.02 x 10710 m?2
st for the solvent, free oleic acid, and bound oleic acid,
. b respectively. The hydrodynamic diameter of the zircerkeic acid
a) EJL a composite estimated from the bound oleic acid diffusion coefficient
: : . : ; : . using the StokesEinstein relationship is 6.8 n#i.This is close
ppm to what is expected for the 5 nm ZaQarticles with monolayer
°*' DECRA DECRA qDECRA coverage. Because both DECRA and the subsequent quantitative
o4 experiment 6 experiment 1 full data set analysis are direct (i.e., no iterative procedure), the total processing
03l time is extremely short. For the data set presented here, including
60 spectra with 13 000 real data points each, the processing time

:j is about 10 s with a mid-level PC.
b) gDECRA is well-suited for the analysis of adsorbed species

a5 5 a5 1 oss 35 4 a5 1 ess a5 3 a5 1 os because of the high spectral overlap and large differences in
ppm relaxation between the two populations. For example, the study of
Figure 2. (a)*H NMR spectrum of the zirconia dispersion in @C. (b) composites used for biomedical proB&syhere the technology

From left to right, DECRA results of the sixth experiment and the first  depends on adsorption of various species on a nanosized substrate,
experiment and DECRA results of the full data set. would particularly benefit from gDECRA. Another area of potential

08 - benefit is the analysis of polymeric solutions, where there tends to
P —e&—hound be a large range in relaxation values. For example, flexible segments
—=—free such as those containing ethylene glycol groups tend to have long

A2

LnE .6 relaxation times, and stiffer segments, such as vinyl backbones,
: have much shorter relaxation times.
2 i There are limitations to this approach. Low signal-to-noise and
240 e gradient field nonuniformity will limit the ability to resolve spectra.
0 0.005 0.01 0.015 0.02 0.025 Effects of chemical exchange, cross-relaxation, dimdodulation
2T (s) (from strong homonuclear coupling) lead to nonquantitative condi-

Figure 3. Semilog plot of signal at the peak of the methylene resonance tions.

1.2 ppm) within the resolved spectra of bound and free oleic acid as a . .
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