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by Spin-Diffusion-Averaged Paramagnetic Enhanced 

NMR Relaxometry  
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a
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b 
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We developed an analytical relationship between nuclear 

magnetic relaxation and interparticle spacings in polymer 

nanocomposites filled with paramagnetic-impurity-containing 

clay nanoparticles. Using 1H NMR relaxometry, clay 

nanoparticle dispersion was quantified and agrees with 

interparticle spacing distributions determined from statistical 

analysis of TEM images.  Some information on the overall 

quality of clay dispersion is revealed. This work offers a new 

approach and new insights into nanoparticle dispersion in 

polymer nanocomposites. 

 

Incorporation of nanoparticles into polymers produces high 

performance nanocomposites in which properties are governed by 

filler dispersion, surface chemistry and morphology.1-8 Considerable 

efforts have been devoted to relating their ultimate properties with 

nanoparticle dispersion. The interparticle spacing (IPS), a measure of 

the size of unfilled polymer between particles, has been correlated 

with macroscale performance in experiments and computer 

simulations.6-15 Despite some advances, quantitative characterization 

of the interparticle spacing in bulk materials is challenging and time-

consuming, and yet important for the advancement of composite 

nanotechnology. 

Polymer-clay nanocomposites (PCNs), an important class of 

organic-inorganic layered nanomaterial,3 have been applied in large 

quantities.16, 17 The interparticle spacing is governed by the chemical 

and physical properties of the starting clay material, the loading and 

the processing details.  The resulting clay particle structures are 

described as exfoliated, intercalated or tactoid.  Often, a mixture of 

these structures is observed in the same material,5, 18 which leads to 

difficulties in quantifying and describing the interparticle spacing. 

Currently, despite its time requirements, transmission electron 

microscopy (TEM) is the most commonly used tool to evaluate IPS. 

From TEM images, IPS can be estimated by various semi-

quantitative statistical methods, such as the free-path spacing 

measurement.19, 20  

Solid-state nuclear magnetic resonance (NMR) methods have 

been employed to determine clay exfoliation levels and homogeneity 

of clay distribution in PCNs, but require additional TEM and X-ray 

diffraction (XRD) data on the same samples.21-27 The NMR methods 

take advantage of the effect of paramagnetic impurities in natural 

clay on the 1H spin-lattice relaxation times (T1
H). The T1 relaxation 

times of the polymer matrix in PCNs are largely reduced by 

dispersed clay minerals such as montmorillonite (MMT). These 

clays often contain paramagnetic Fe3+ ions (typically, 0.1 ~ 5 wt% as 

Fe2O3), which are substituted at Al3+ sites within central alumina 

layers sandwiched between two silica layers. Note that the three-

layer 'sandwich' constitutes a single 1-nm-thick platelet.28 The Fe3+ 

ions shorten the T1
H of the polymer matrix in two ways: via direct 

interaction with neighboring nuclei, and via spin diffusion from 

remote nuclei.21-27 In rigid PCNs containing these clays, 1H spin 

diffusion spreads the paramagnetic-enhanced relaxation throughout 

the whole sample, which provides a mechanism to probe distances 

between clay nanoparticles. This is exactly the information needed 

for these materials whose bulk physical properties are governed by 

the distribution of clay nanoparticles.  

Recent studies on PCNs have reported qualitative correlations of 

NMR-measured T1
H with TEM-measured IPS. Computer simulations 

suggest that the T1
H

 relaxation rate is a function of the IPS.26, 27 

However, this correlation has not been analytically described or 

verified; the pioneering NMR studies depended on information 

determined with TEM and/or XRD methods. Here, we report an 

analytical relation between the NMR T1 relaxation and the IPS, and 

then use it to measure interparticle spacings in bulk polymer 

nanocomposites. We then quantitatively compare our NMR results 

with TEM data. By doing so, this work offers a better understanding 

of the structural quantification of PCNs by NMR relaxometry. 

To connect NMR T1 relaxation data with the IPS, we first focus 

on mathematically describing NMR magnetization growth collected 

by saturation-recovery experiments. Magnetization growth occurs 

due to relaxation recovery following a train of saturation pulses. To 

compute the NMR T1 relaxation, we begin with a simple one-

dimensional (1D) lamellar model (Fig. 1a). The paramagnetic-

impurity-containing clay particles and their surface layers act as 

relaxation sinks. The number of nuclei in the surface layers are much 

less than those in the bulk of the polymer matrix at low clay loadings 

(e.g., < 5 wt%); these nuclei mainly contribute to a fast initial 

relaxation recovery due to direct electron-nucleus interactions.21 

Here, the focus of our model is on the magnetization growth that 
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arises from the more numerous bulk nuclei in the regions between 

relaxation sinks.  

Consequently, our model is characterized by four main 

parameters: the characteristic relaxation time, T1,s of relaxation sinks, 

the relaxation time, T1,m of the polymer matrix, the average spin 

diffusion coefficient of the polymer matrix, D, and the interparticle 

spacing, ∆ (Fig. 1a). Regardless of the details of the relaxation by 

direct interaction, the relaxation of surface nuclei should approach 

the equilibrium magnetization asymptotically, despite the spatial 

dependence. As such, we semi-empirically assume that surface 

nuclei exhibit a characteristic relaxation time, T1,s,
27 which can be 

described by the time-dependent magnetization in saturation-

recovery experiments: ms(t) = m0[1 − exp(− t/T1,s)], where m0 is the 

equilibrium magnetization per nucleus. This assumption allows our 

model to include infinitely fast relaxation as a special case, that is, 

the sinks are always maintained at thermal equilibrium, ms(t) = 

m0).
29, 30 Thus, ms(t) � m0, as T1,s � 0.  

Furthermore, the thickness of the surface layer, b (e.g., ~ 0.4 nm 

reported previously25-27) is assumed to be much less than the average 

of the IPS, 〈∆〉, so that 〈∆〉 ≈ 2L, where 2L is the distance between 

sinks (Fig. 1a). Typical PCNs fulfill this assumption nicely, e.g., 〈∆〉 
is ~ 50 nm for 5 wt% MMT-filled PCNs that exhibit an idealized 

repeating lamellar structure of alternating polymer and clay.5, 18 For 

less than ideal dispersion, the inequality holds; b << 〈∆〉, as 〈∆〉 
becomes large. 

 

 

 
Fig. 1 (a) Representative TEM image (left) of a nanocomposite of 

polypropylene (PP) and 2.7 wt% montmorillonite (MMT), PP-MMT-2.7, 
after equi-biaxial stretching to a final length/initial length ratio (λ) of 3 (the 

white scale bar is 500 nm). One-dimensional lamellar model (right) showing 

the interparticle spacing, ∆, between h-thick clay particles with b-thick 
surface layers that act as relaxation sinks.   (b,c) Normalized 1H NMR signal 

intensity (i.e., magnetization) as a function of recovery time, t, for 

PP−MMT−2.7 films (λ shown above the data), on which the solid lines are 
the best fits to Eq. 1. The NMR relaxation profile of a representative unfilled 

PP film with λ = 3 is shown in (b). The profiles in (c) are vertically shifted to 

avoid overlap. (d) The resulting ∆ as a function of stretch ratio. 

Based on the above model, an analytical description of the 

detected NMR signal intensity is given as the normalized 

magnetization, M(t)/M0, of the unfilled domain (see ESI Section 3 

for specific details†): 
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where M0 is the total equilibrium magnetization, D is the bulk spin 

diffusion coefficient (uniform, not a function of spatial position), 

1/T1,m is the bulk matrix nuclear relaxation rate, and β is the 

difference between relaxation rates of the surface nuclei and the bulk 

matrix nuclei, which is given by  β = 1/T1,s − 1/T1,m.  

      The relaxation efficiency of the sinks is reflected by 1/T1,s, or 

more accurately by β; that is, the shorter the T1,s (or larger the β), the 

higher the efficiency. Analysis of our model reveals that 

magnetization growth critically depends on T1,s at initial recovery 

times (see ESI Fig. S2†). The overall relaxation is weakly related to 

T1,s if the sink relaxation is sufficiently efficient, but is significantly 

delayed if the sink relaxation rate is inadequate, for example, when  

T1,s > 10 ms. Thus, it is important to understand the relaxation 

efficiency of surface nuclei when using this model to analyze 

different types of PCNs. Estimates of T1,s can be obtained from 

relaxation times of nuclei on clay surfaces.21, 25, 26 The T1,s of surface 

nuclei strongly depends on the concentration of paramagnetic ions 

due to the direct electron-nucleus interaction.24, 26 Surface nuclei in 

widely studied MMTs (e.g., from Southern Clay Products, typically 

containing ~5 wt% Fe2O3) exhibit T1,s on the order of a few 

milliseconds at magnetic fields up to several hundred MHz.25-27  

To demonstrate the approach, a series of 

polypropylene−montmorillonite (PP−MMT) nanocomposite films 

with six stretch ratios (λ = final length/initial length) were 

characterized by 1H NMR relaxometry and TEM (see ESI 

Experimental Detail†). The Fe percentage of the neat MMT was 

calculated to be 4.96 wt% Fe2O3; the T1
H of the neat organically 

modified MMT is 10 ms, which was measured at a magnetic field of 

7.05 Tesla.25 The 1H NMR data reveal that the PP−MMT samples 

exhibit faster magnetization growth than the neat PP (cf. Fig. 1b), 

illustrative of the paramagnetic enhancement on T1
H. Magnetization 

growth profiles of the nanocomposites (cf. Figs 1b,c) were fitted to 

Eq. 1 using the following parameters: D = 0.24 nm2/ms, T1,m = 810, 

849, 885, 860, 820 and 805 ms for the corresponding neat PP films 

with λ = 1 up to 3.5, respectively.  The T1,m values were determined 

by fitting relaxation profiles of the neat PP to an exponential 

function. The initial fitting values of ∆ and T1,s should be reasonably 

estimated, whereas the values of D and T1,m for the nanocomposites 

should be experimentally determined (see ESI Section 5†). For 

instance, an appropriate initial value for ∆ is an idealized spacing for 

full exfoliation;5 T1,s can be estimated from relaxation times of nuclei 

in the neat organically modified clay. Here, we used D and T1
H of 

the PP to fit the profile of the corresponding PP−MMT, as the 

unfilled and filled samples show almost identical crystallinity for a 

given stretch ratio.25 Spin-diffusion coefficients, D have been 

reported for many polymers.31, 32 Here we used a known D to 

determine ∆.  Conversely, one could also use this method to 

determine D on samples for which ∆ is known.   

As seen in Figures 1b and 1c, we obtained excellent fits in the 

long-time regime and fairly good fits in the short-time regime. 

Interparticle spacings were determined from the best fits and are 

shown in Figure 1d as a function of stretch ratio. Beginning with λ = 

1.5, the NMR-derived interparticle spacings decrease upon 

stretching. The fact that the unstretched PP-MMT sample, λ = 1, 

(c) (d) 

(a) (b) 
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does not follow this pattern is not a deficiency of the model, but 

rather arises from the details in the spatial distribution of MMT 

particles upon stretching and will be discussed below. Hence, an 

important question arises as to how the NMR-derived interparticle 

spacings are related to clay dispersion with respect to the average 

IPS and the spacing distribution. Thus, we quantitatively compared 

these NMR results with TEM images that directly reveal the spatial 

distribution of MMT particle spacings. 

We measured the distribution of interparticle spacings from TEM 

images for each sample, as shown in Figure 2 for representative 

examples. The alignment, size and aspect ratio of particles vary upon 

stretching (cf. Fig. 2a,b).25 The distance between particles was 

determined for each sample from TEM images using the free-path 

spacing measurement (FPSM) method modified to ignore the 

distance between platelets inside particles (see ESI Methods† and 

Fig. S1†). This modification allows a direct comparison between the 

TEM and NMR results because the latter analysis only deals with the 

bulk matrix between clay particles. From the TEM analysis, the 

probability density and cumulative distributions of interparticle 

spacings were constructed (cf. Fig. 2c,d). These results show that the 

IPS distribution remains asymmetric but shifts to smaller spacings 

and becomes narrower with increasing stretch ratio. Both Gaussian 

and log-normal functions provide fair fits to the spacing distribution 

in the unstretched sample (λ = 1). For the higher stretch ratios, the 

log-normal is a superior fit to the Gaussian distribution. Such a 

positively skewed distribution has been observed often in PCNs.19, 20 

Most spacings appear at the lower end of the distribution, while 

smaller numbers of spacings occur toward the upper end. Fig. 2d 

reveals that interparticle spacings are largely reduced by a stretch 

ratio of 2.5, above which only slight decreases occur.   

 

              
   

 
Fig. 2 Representative TEM images of a nanocomposite of polypropylene 

(PP) and 2.7 wt% montmorillonite (MMT), PP-MMT-2.7, after equi-biaxial 

stretching to a final length/initial length ratio (λ) of 1(a) and 3.5 (b). 

Distribution of interparticle spacings, ∆ (c) and the corresponding cumulative 

distribution (d) for stretch ratios of 1, 1.5, 2.5 and 3.5 determined from the 

TEM images. 

 

Figure 3a compares the interparticle spacings derived from the 

NMR and TEM analyses for the PP−MMT−2.7 samples. Data are 

shown for the NMR IPS (∆NMR), the TEM arithmetic average IPS 

(∆TEM_ave) and the TEM root-mean-square average (∆TEM_rms) versus 

the TEM root-mean-square average IPS.   The most commonly held 

view is that the NMR analysis provides the arithmetic average IPS, 

which has been normally verified by small-angle X-ray scattering or 

TEM.31, 32 However, we find that the ∆NMR values are larger than the 

∆TEM_ave values, except for the unstretched sample in which the ∆NMR 

is identical to the ∆TEM_ave. For the stretched samples, a much better 

correlation is found between ∆NMR and ∆TEM_rms, reflecting the  

change in the IPS distribution that occurs upon stretching (cf. Fig. 

2c). 

These results raise the question of how ∆NMR is related to the IPS 

distribution. According to Eq. 1, the magnetization growth is a 

function of ∆2. Since there are numerous interparticle spacings in 

technical PCNs, the relaxation profiles should be described by a 

function of the distribution of ∆2. We note that fitting the data to Eq. 

1 using either ∆2 or ∆ provides a consistent value for ∆NMR. It 

therefore follows that the resultant ∆NMR should be associated 

quantitatively with the root-mean-square or quadratic mean 

(∆TEM_rms) of the IPS distribution. When compared with the IPS 

arithmetic average, the quadratic mean ensures that the large 

spacings at the upper end of the positively skewed distribution are 

weighted more heavily than the small spacings in regard to their 

contribution to the magnetization growth. The large spacings play a 

more dominant role in the magnetization growth in the long-time 

regime (see ESI Fig. S3†). For a log-normal distribution, ∆TEM_rms 

should be more comparable to ∆NMR than ∆TEM_ave, which is 

confirmed in Figure 3a for the stretched samples.   

 

 
Fig. 3 (a) Comparison between the NMR-derived (circles, ∆NMR)  and TEM-
measured interparticle spacings in PP-MMT nanocomposite films (stretch 

ratios shown above the data): the TEM arithmetic average (triangles, 

∆TEM_ave) and the TEM quadratic mean (squares, ∆TEM_rms) (see ESI Table S1
† 

for more details). (b) Magnetization growth profiles for the PP−MMT−2.7 

sample with λ = 3.5. The calculated profile was created using the TEM IPS 
distribution shown in Fig. 2c, Eq. 1, and the same parameters used and 

determined from fitting the NMR experimental profile, which is the same as 

that shown in Fig 1c (D = 0.24 nm2/ms, T1,m = 806 ms, T1,s = 6.1 ms). 

 

Despite the general consistency of the NMR and TEM results, 

the ∆NMR values are slightly larger than the ∆TEM_rms values for all of 

the stretched samples (cf. Fig 3a). This is attributed to the possibility 

that the spatial distribution of MMT particles is non-uniform in these 

(a) 

(b) 

(c) (d) 

(a) (b) 
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PP−MMT−2.7 nanocomposites. To examine the effect of the IPS 

distribution on the NMR relaxation data, we calculated a 

magnetization growth profile for the PP−MMT−2.7 sample with λ = 

3.5 using the TEM-determined IPS distribution shown in Fig. 2c, 

Eq. 1, and the same parameters used and determined from fitting the 

NMR experimental data shown in Fig. 1c.  This calculated 

magnetization growth profile is shown in Fig. 3b as the solid circles.  

The NMR experimental magnetization growth profile is shown in 

Fig. 3b as the open circles.  The NMR experimental profile exhibits 

faster recovery in the short-time regime, but slower recovery in the 

long-time regime. Detailed analyses using the model (see ESI Fig. 

S3†) have shown that this behavior is consistent with broader 

distributions of the IPS.  Thus, the NMR data are indicating a 

broader IPS distribution than the TEM data for the stretched 

samples.  TEM measurements are made on tiny two-dimensional 

pieces of microtomed samples and may not be representative of the 

bulk material.33  NMR measurements are averaged over a much 

larger portion of the sample, and therefore reflect a more global 

average.  The asymmetric shape of the IPS distribution, in which the 

larger fraction exhibits smaller IPS values, dictates that TEM 

snapshots of localized regions will exhibit smaller average 

interparticle spacings. For the unstretched sample, the ∆NMR value is 

equal to the ∆TEM_ave value, which reflects the more symmetric IPS 

distribution for this sample compared to the stretched samples (cf. 

Fig. 2c). In short, the NMR-based approach provides interparticle 

spacings that reflect the overall quality or homogeneity of clay 

dispersion in bulk materials. 

In summary, an analytical relation was developed between NMR 

magnetization growth and interparticle spacings (IPS) of lamellar 

nanoparticulate relaxation sinks in polymeric nanocomposites.  The 

approach is based on spin-diffusion-averaged paramagnetic 

enhanced 1H NMR relaxometry, and was demonstrated on some 

montmorillonite-containing polypropylene nanocomposites.  

Interparticle spacings were determined from fitting the analytical 

relation to NMR relaxation data, and were found to agree with 

interparticle spacings determined by statistical analysis of TEM 

images.  The NMR-derived spacings were consistent with TEM-

measured quadratic mean IPS values when the IPS distribution was 

log-normal, and with TEM-measured arithmetic average IPS values 

when the IPS distribution was more random. Compared to the TEM 

data, the NMR-derived IPS values were found to reflect the overall 

quality, or homogeneity, of clay dispersion in the bulk material. 

These results provide new insights into the relationship between 

NMR relaxation and nanostructures in polymer matrices.  While the 

focus here was lamellar nanoparticles in polymers, we believe that 

our NMR approach can be extended to characterize other 

nanomaterial fillers that fulfill the requisite assumptions. For rod-

like or sphere-like particles, if their surface nuclei exhibit 

sufficiently fast relaxation (e.g., T1,s << T1,m), their magnetization 

growth profiles should be described by a two- or three-dimensional 

model, simply expressed as the product of our 1D profile along two 

or three orthogonal directions.  
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