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Nanoparticle Dispersion in Polymer Nanocomposites by Spin-Diffusion-

Averaged Paramagnetic Enhanced NMR Relaxometry: Scaling 

Relations and Applications 

 
Bo Xu,a* Johannes Leisen b and Haskell W. Beckham a*  

 
Scaling relationships are identified between NMR longitudinal relaxation times and clay dispersion quality in polymer/paramagnetic clay 
nanocomposites. Derived from a previously published analytical relationship developed from a lamella-based model, the scaling 
relationships are based on the enhancement of NMR relaxation rates with increasing exfoliation and dispersion homogeneity. The 
paramagnetic contribution to the NMR relaxation rate is inversely proportional to the square of clay interparticle spacing, and directly 
proportional to clay weight fraction squared. These scaling relationships allow the prediction of relative exfoliation of clay particles for a 
given series of polymer/clay nanocomposites. With independent knowledge of clay exfoliation in a single sample (e.g., from transmission 
electron microscopy), NMR relaxometry data may be converted into absolute measures of exfoliation.  These scaling relations are confirmed 
with samples of fully exfoliated poly(vinyl alcohol)/montmorillonite nanocomposites, and then used to reveal exfoliation and dispersion 
quality in a series of nylon-6/montmorillonite nanocomposites. This characterization route is advantageous because NMR relaxometry can 
more rapidly provide clay dispersion information that is averaged over larger sample volumes than transmission electron microscopy. 

 

 

 

 

 

Introduction  

Polymer properties can be significantly enhanced when nanoscopic 
fillers are introduced to the matrix.1-11  Among the most common 
inorganic fillers are clay particles, best described as stacks of 
platelets in which platelets are 1-nm thick with lateral dimensions of 
hundreds of nanometers.12, 13 Platelets can be delaminated from 
stacks by exfoliation so that clay particles may be characterized by 
the number of platelets per stack. The degree to which platelet stacks 
are exfoliated and dispersed in matrices is governed by interfacial 
interactions and processing.  Thus, the number of particles for a 
given clay loading depends on the degree of exfoliation.  High clay 
loadings tend to give more aggregates of unexfoliated stacks.  The 
ultimate physical properties of polymer-clay nanocomposites (PCNs) 
depend on the clay loading and the degree of exfoliation, or more 
precisely on the distribution of interparticle spacings, referred to as 
the dispersion. Optimization of PCN properties is facilitated by 
quantitative characterization of the loading-dependent exfoliation. 

Characterization of clay particle morphology in terms of degree of 
exfoliation and dispersion homogeneity can be accomplished by 
solid-state NMR relaxometry when clay platelets contain 
paramagnetic impurities that increase spin-lattice relaxation rate, 
1/T1, of the matrix polymer.14-17 We recently published an analytical 
relationship between longitudinal nuclear magnetic relaxation and 
interparticle spacings (IPS) in polymer/paramagnetic clay 
nanocomposites.18 Using data collected with 1H NMR relaxometry, 
we quantified clay nanoparticle dispersion in some equi-biaxially 
stretched polypropylene-montmorillonite nanocomposites, which 
agreed with interparticle-spacing distributions determined by 
statistical analysis of TEM images.  Moreover, the NMR data to 
some extent reflected the overall quality of clay dispersion in the 

bulk materials.  Overall, the findings revealed how clay dispersion 
evolved with stretching for a set of polymer-clay nanocomposites 
containing the same clay content.  The question remains as to how 
the characterization method and analysis behaves for PCNs with 
varying clay loadings. 

In this study, we present some scaling relations derived from the 
analytical expression connecting NMR longitudinal relaxation with 
clay content and dispersion. More specifically, we show how the 
paramagnetic contribution to the spin-lattice relaxation rate scales 
with the inverse interparticle separation squared and with the clay 
content.  We confirm the validity of the scaling relations on a series 
of fully exfoliated ‘model’ poly(vinyl alcohol) (PVA)/ 
montmorillonite (MMT) nanocomposites prepared by a solution-
intercalation film-casting method.19, 20 We then demonstrate their 
applicability on a series of technically relevant nylon-6/MMT 
nanocomposites containing up to 20 wt% clay.21  In doing so, we 
introduce a new method for quantifying and visualizing clay 
dispersion in PCNs with respect to average interparticle spacing and 
the number of platelets/stack per particle. 
 

Experimental Details 

Montmorillonite (MMT) STx-1b (1.2 wt% Fe2O3 as Fe3+)22 was 
obtained from the Source Clays Repository, Purdue University, 
Indiana. Poly(vinyl alcohol) (PVA) (Mw = 31−50 kg/mol, 98−99% 
hydrolyzed, Sigma−Aldrich) was used as received. PVA/MMTSTx-1b 
nanocomposites (PVA/MMTSTx-1b) were prepared at weight ratios 
(PVA/MMTSTx-1b) of 100/1, 100/2, 100/4, 100/6, 100/8, and 100/10 
by a solution-intercalation film-casting method as described by 
others.19, 20 The samples were dried under vacuum at 80 °C for 48 
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hours prior to any measurements. Octadecylamine (C18) was used as 
received from Sigma−Aldrich. Octadecylamine (C18)-modified 
MMTSTx-1b was prepared by cation exchange using a C18 amount 
equal to the cation exchange capacity (CEC) of STx-1b (CEC = 84.4 
mequiv/100 g), as described elsewhere.23 

Details of the 1H NMR relaxation measurements were reported 
previously.14,31 In brief, 1H saturation-recovery NMR experiments 
were conducted at room temperature using a two-channel 7-mm 
magic-angle spinning (MAS) probe in a Bruker DSX-300 solid-state 
NMR spectrometer (300 MHz, 7.05 T). All relaxation measurements 
were made without sample spinning in the MAS probe.16, 24 

Wide-angle X-ray scattering was conducted on a PANalytical 
X’Pert PRO diffractometer using Cu Kα1 radiation generated at 45 
kV and 40 mA (wavelength λ = 1.5406 Å). Samples were scanned at 
0.02°/s in the range of 2θ =2° – 15°.  The d001 basal spacing was 
calculated using the Bragg equation, λ = 2d001 sinθ. 

NMR relaxometry and TEM data were taken from the literature 
for nylon 6/montmorillonite nanocomposites prepared by melt 
compounding.21, 25 The organically modified montmorillonite in 
nylon 6 is Cloisite 20A (3.11 wt% Fe2O3 as Fe3+) from Southern 
Clay Products, TX. The Fe2O3 content in Cloisite 20A was 
determined using elemental analysis by Southern Clay Products and 
corresponds to 5 wt% in the pure montmorillonite. Volume fractions 
of clay were calculated using specific densities of 1.3, 1.13, and 2.6 
g/cm3 for PVA, nylon 6 and neat MMT, respectively. 
  

Results and Discussion 

Model Background and Scaling Relations  

Consider a regular, repeating lamellar structure of alternating clay 
particles with polymer (see Fig. 1a), characterized by four 
parameters: ∆ = face-to-face interparticle spacing, g = edge-to-edge 
interparticle spacing, dc = lateral dimension of particle, and h = 
particle height or thickness.  Note that a single particle can be 
characterized by one or more platelets per stack.  The interparticle 
spacing ∆ can be given by  
 

 2 001
0

0

1p

c

d
h N

h

φ
∆ ξ

φ
 

= − + 
 

                                      (1) 

 
where φp is the polymer volume fraction, φc is the clay volume 
fraction, N is the number of platelets per stack (N ≥ 1), d001 is the 
interplatelet basal spacing, h0 is the thickness of a single platelet (≈ 1 
nm), and ξ2 is the fractional area occupied by particles in a plane: ξ  
= dc/(g + dc) and 0 ≤ ξ ≤ 1. For PCNs with typical clay loadings (~ 5 
wt%), φp is much larger than φc, and d001 is less than 5 nm. In this 
case, Nφp/φc >> (d001/ h0 – 1), and eq 1 can be approximated to 
 

∆ ≈ ξ2Nh0φp/φ                                                                   (2)   
 
This indicates that for a given φc, ∆ increases as N or ξ increases. In 
cases of particles with large aspect ratios or PCNs with high clay 
loadings (i.e., g << dc), ξ � 1, while ξ could be much less than 1 in 
PCNs with very low clay loadings. Thus, the interparticle spacing ∆  
is roughly proportional to the number of platelets per stack N, which 
was previously defined as an inverse degree of exfoliation.16  That is, 
if ξ is similar, larger interparticle spacings correspond to more 
platelets per stack, lower exfoliation, and more particle aggregation.  

For idealized PCNs containing fully exfoliated clay in which N 

=1, h0 ≈ 1 nm and ξ = 1, polymer and clay are perfectly stratified so 

that minimum interparticle spacings, ∆i, are given simply by the clay 
volume fraction: 
 
            ∆i = h0 (1 − φc)/φc                                                                  (3) 

 
If written as ∆i = h0 /φc − h0, it can be seen that the idealized spacing 
is proportional to the inverse clay volume fraction, namely, ∆i ~ 1/φc 
if φc << 1 (e.g., h0/φc >> h0). This is consistent with experimental 
observations of one-dimensional swelling of a pure lamellar phase26 
and nematic aqueous suspensions of natural clay.27 For the more 
commonly employed clay weight fraction, wc: 
 
 ∆i = h0 (ρc/ρp) (1 − wc)/wc                                                                         (4) 
 
where ρc and ρp are clay and polymer densities, respectively. Such 
idealized interparticle spacings represent average interplatelet 
spacings in PCNs containing fully exfoliated and homogeneously 
dispersed clay. 

Interparticle spacings of lamellar nanoparticulate relaxation sinks 
(cf. Fig. 1) are analytically related to NMR magnetization growth by 
the following expression:18  
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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, 1/T1,s is the 
relaxation rate of the clay surface nuclei, and β is the difference 
between 1/T1,s and 1/T1,m (i.e., β = 1/T1,s− 1/T1,m).  It was assumed 
that ∆ >> 2b, where b is the thickness of the clay surface layer (e.g., 
~ 0.4 nm reported previously15, 16) (cf. Fig. 1b). 

The paramagnetic contribution to the overall longitudinal 
relaxation rate, R1,para is computed: R1,para = 1/T1,PCN − 1/T1,m, where 
1/T1,PCN  is the relaxation rate of the PCN, 15, 21 and the relaxation 
rate, 1/T1,m of the matrix is often taken to be the relaxation rate, 
1/T1,polymer of the pure polymer.14, 16, 21, 28  Using eq 5, we calculated 
magnetization growth profiles for nanocomposites with D = 0.7 
nm2/ms, T1,m = 1.635 s, T1,s = 5 ms, and for a range of interparticle 
spacings (IPS) between 15 and 100 nm, typical IPS dimensions in 
technically relevant PCNs.  These are shown in Figure 2(a). With 
increasing IPS, magnetization growth is delayed. These calculated 
curves were also plotted as ln(1 − 〈M(t)/Mo〉) versus recovery time, t, 
from which the T1,PCN values were determined from the slopes (cf. 
ESI†, Fig. S1).  Figure 2(b) shows the resulting R1,para as a function 
of IPS.  The paramagnetic contribution to the NMR relaxation rate, 
R1,para decreases monotonically with increasing interparticle spacing.  
A scaling relation is given by  

 

R1,para ~ ∆−2                                                                        (6) 
 

This scaling behavior, embodied in eq 5 and consistent with 
numerical calculations by VanderHart, et al.,15 is a consequence of 
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the paramagnetic relaxation enhancement being controlled by spin 
diffusion. 
 

 
 

 

                 

 
Fig. 1 (a) Schematic of polymer-clay nanocomposite with stratified clay particles characterized by face-to-face interparticle separation ∆, thickness h, lateral 
dimension dc, and edge-to-edge separation g. (b) One-dimensional lamellar model for the face-to-face domains between a pair of clay particles, where b is the 
thickness (≈ 0.4 nm) of the thin layer of nuclei relaxed directly by the paramagnetic centers in the clay. Clay particles can be single platelets or stacks of 
platelets depending on the degree of exfoliation. 
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Fig.2 (a) Normalized magnetization versus recovery time calculated using eq 5 for D = 0.7 nm2/ms, T1,m = 1.635 s, T1,s = 5 ms and different values. (b) 
Paramagnetic contribution to the overall spin-lattice relaxation rate R1,para versus interparticle spacing ∆.  R1,para was calculated from R1,para ≈ 1/T1,PCN − 1/T1,m, in 
which the relaxation time (T1, PCN) was determined from a linear fit of ln(1 − 〈M(t)/M0〉) versus time t, plotted from the same data shown in (a) (cf. ESI†, Fig. 
S1). The plot of the resulting R1,para  as a function of ∆ shows R1,para ~ ∆−2. 

 
 

When the relaxation at the clay surface is infinitely fast (i.e., T1,s 
� 0), eq 5 can be simplified and it can be shown that R1,para is 
directly proportional to ∆−2 (cf. ESI†, Model Analysis).  However, as 
T1,s rises or ∆ decreases (i.e., as the exfoliated particle concentration 
is increased), analysis of the model reveals the scaling relation in eq 
6 is less valid.  For typical values of ∆ (50 - 100 nm, corresponding 
to completely exfoliated clay at 5 to 2.5 wt%, respectively) and T1,s 

(< 25 ms), the scaling relation in eq 6 is reasonably valid and useful. 
This is illustrated in Figure 3 for simulations using different T1,s 
values.  The scaling relation of eq 6 holds, that is, the log-log plot of 
R1,para versus ∆ shown in Figure 3 exhibits a straight line with slope 
= -2, for T1,s values ≤ about 25 ms and ∆ values ≥ approximately 30 
nm (corresponding to completely exfoliated clay at ≤ 8 wt%).  For 

small ∆, direct dipolar interactions between the paramagnetic centers 
and adjacent nuclei cannot be neglected, while eq 5 neglects these 
with the assumption that ∆ >> 2b.  The magnetization growth is thus 
controlled by direct relaxation of surface nuclei rather than by spin 
diffusion,14,31 and the scaling relation of eq 6 does not hold.   

In practice, we expect the scaling relation, R1,para ~ ∆−2  to be valid 
for most technically relevant PCNs containing typical amounts of 
paramagnetic clay. First of all, the relaxation rate of clay surface 
nuclei (T1,s), which strongly depends on the concentration of 
paramagnetic ions due to the electron-nucleus coupling,16, 24, 28, 29 is 
much shorter than that of neat polymer.  In widely studied MMTs 
(e.g., from Southern Clay Products, typically containing ~5 wt% 
Fe2O3), clay surface nuclei exhibit T1,s values on the order of a few 

0 x

h + 2b

∆

(a) (b) 

(b) (a) 
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milliseconds at magnetic fields up to several hundred MHz,15, 16 
while the bulk polymer T1 is hundreds of milliseconds or even 
longer. Secondly, in typical PCNs, large average interparticle 
spacings (e.g., > 10 nm) have been often observed at clay 
concentrations < 20 wt%. For instance, the average ∆ is larger than 
the idealized spacing, ∆i ≈ 23 nm (cf. eqs 3 and 4) in 10 wt% MMT 
nanocomposites due to the presence of clay particle aggregates.30 
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Fig.3 Paramagnetic contribution to the overall spin-lattice relaxation rate, 
R1,para versus interparticle spacing ∆ for D = 0.7 nm2/ms, T1,m = 1.635 s, and 
different T1,s values. The normalized magnetization profiles were first 
simulated using eq 5, and then the plots of R1,para versus ∆  were calculated as 
shown in Figure 2(b). The slope of -1 is for the simulated data from ∆ = 15 to 
30 nm using T1,s = 50 ms.  

 

Average interparticle separations (∆) determined from 
experimental R1,para values can be compared to idealized interparticle 
separations (∆i) calculated from clay content (cf. eqs 3 and 4) and a 
measure of dispersion can be defined: 
 
 α = ∆i /∆                                                                           (7) 
 
Values for α depend on the degree of exfoliation, stratification and 
homogeneity of clay particle distribution.  In general, dispersion 
quality decreases as α decreases and approaches 0.  Substituting 
from eqs 2 and 3 leads to the following expression for α: 
 
                 α  ≈ N –1ξ –2                                                                     (8)    
 
in which the relation to the degree of exfoliation is explicit through 
N, the number of platelets per stack, and to the dispersion 
homogeneity through ξ, the fractional area occupied by particles.  
Thus, even if the clay remains fully exfoliated (e.g., N = 1) upon 
increasing clay content, ξ  could increase leading to a decrease in 
α.  However, given the large aspect ratio (dc/h ~ 30 to 1000) 9, 16, 31 
and surface area (~750 m2/g) 32 of montmorillonite, N is expected to 
influence α  more than ξ in PCNs filled with a typical concentration 
of clay particles. 

By incorporating α as a measure of dispersion into eq 6, we 
redefine the scaling relation: 
 
 R1,para ~ α2∆i

–2                                                                                                    (9)  

 
According to eq 9, plotting R1,para versus ∆i

–2 should yield straight 
lines when clay dispersion is of similar quality, that is, α is constant.  
Deviation from such lines will provide insight into how the quality 
changes with clay concentration.  For fully exfoliated and highly 
dispersed clay, lines can be assigned slopes containing α = 1. When 
aggregation of platelets leads to dispersions characterized by 
interparticle separations that are twice the size of the fully exfoliated 
case, that is, α = ∆i/∆ = 1/2, slopes of these plots will predictably 
decrease by α2 = 1/4.  These plots should be useful for visualizing 
quality of clay dispersion as clay content increases. 

Alternatively, we can substitute eq 4 into eq 9 and combine 
constants to yield a direct relationship between R1,para and the clay 
weight fraction, wc: 
 
 R1,para ~ h0

–2(ρp/ρc)
2α2wc

2/(1 – wc)
2                                                 (10) 

 
Equation 10 shows that the paramagnetic contribution to the 
longitudinal NMR relaxation rate, R1,para is correlated with clay 
weight fraction, wc through the extent of exfoliation, α; more simply, 
R1,para ~ α2 [(1/wc) – 1]–2.  Plots of R1,para versus wc should yield 
curves of constant dispersion quality, the relative magnitude of 
which is proportional to α2. As dispersion quality increases, R1,para 
increases.     

According to eqs 9 and 10, we can calculate the relative 
magnitude of R1,para versus ∆i or wc for a given series of polymer-
clay nanocomposites measured at a given magnetic field strength. 
With independent knowledge of the dispersion state of a single 
sample obtained from other experimental methods such as X-ray 
diffraction (XRD) or TEM, these NMR-determined relative 
exfoliation values can be adjusted to provide absolute measures of 
the dispersion (i.e., α)  for all of the samples. We have already 
shown that R1,para contains information on the distribution of 
interparticle spacings.18  Thus, the scaling method described here 
and embodied in eqs 9 and 10 can be used to quantify exfoliation as 
platelets/stack if all of the samples of a given series exhibit similar 
dispersion homogeneity. Otherwise, the scaled quantity α reflects 
the overall dispersion quality as indicated in eq 8. The advantage of 
this scaling approach is that it precludes the need for conducting 
TEM, image analysis, and statistical analysis of the images on a 
large number of samples, which saves time. NMR results are 
naturally averaged values over the sample. In the following, we 
demonstrate how the scaling relations of eqs 9 and 10 can be used to 
explore and visualize clay exfoliation and dispersion quality in 
polymer/clay nanocomposites. 

 
 

Poly(vinyl alcohol)/Montmorillonite Nanocomposites 

A series of six poly(vinyl alcohol) (PVA)/montmorillonite (MMT) 
nanocomposites were prepared at < 10 wt% clay loadings.  These 
samples were examined because they are considered model 
nanocomposites for verifying the scaling relations.  First of all, the 
MMT is believed to be fully exfoliated across a broad concentration 
range: the XRD profile of the most concentrated sample shows no 
basal peak (001) at scanning angles of 2θ ≤ 2° (see ESI, Fig. S3†), 
indicating full exfoliation, or at least basal spacings, d001 > 4.4 nm.  
Secondly, the interparticle spacing in these samples should be large 
enough for R1,para ~ ∆−2 to be valid (e.g., for full exfoliation, ∆i  = 25 
nm for the most concentrated sample of 9.1 wt% MMT, cf. eq 4 ).  
Lastly, the relaxation of the MMT surface nuclei is sufficiently fast 
compared to the bulk T1,m of the PVA. For instance, these 
PVA/MMT nanocomposites were prepared with octadecylamine-
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modified STx-1b MMT (C18-MMTSTx-1b) with d001 = 1.84 nm (see 
ESI, Fig. S3†).  The measured T1 of the observable 1Hs on this clay 
surface is ~21 ms at 300 MHz (see ESI, Fig. S4†), which is much 
shorter than the T1,m = 11640 ms of PVA.   

Figure 4 shows R1,para versus (a) ∆i
-2 (calculated using eq 4) and 

(b) wc for a series of six PVA/MMTSTx-1b nanocomposites (1.2 wt% 
Fe2O3 in MMTSTx-1b). For all clay contents, R1,para is linearly 
proportional to ∆i

-2 (Fig. 4a), consistent with eq 9, and consistent 
with the curve predicted by eq 10 when plotted versus wc (Fig. 4b). 
Both representations indicate that clay dispersion in these samples is 
of similar quality with increasing clay concentration. This is 
consistent with the initial slopes of the magnetization growth 
curves14,16,23 for these samples (see ESI, Fig. S5†), and also with 
reported TEM and X-ray diffraction data for other PVA/MMT 
nanocomposites.19, 20 Assuming these samples are fully exfoliated 
and the dispersion homogeneity does not change appreciably with 

increasing clay concentration, we have labelled the straight line in 
Fig. 4(a) and the solid curve in Fig. 4(b) as α = 1. This value of α = 1 
represents an average number of platelets/stack, N = 1 and the 
fractional area occupied by particles in a plane, ξ ≈ 1 (cf. eq 8). We 
then used eqs 9 and 10 to predict the scaling of R1,para versus ∆i

-2 and 
wc, respectively, for when the average interparticle spacing is twice 
that shown for a fully exfoliated sample (i.e., when N = 2, α = 0.5).  
In Figure 4, this scaling prediction is shown as a dot-dashed line (a), 
and curve (b).  The data points for these fully exfoliated samples are 
more consistent with the α = 1 line than with the α = 0.5 line.  These 
results indicate that for polymer/clay nanocomposites containing 
large interparticle spacings, sufficiently fast relaxation sinks and 
consistent dispersion homogeneity, the NMR relaxation behavior can 
be described by the scaling relations: R1,para ~ α2∆i

–2 (eq 9) and R1,para  
~ α2wc

2 /(1 – wc)
2 (eq 10). 
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Fig.4  Paramagnetic contribution to the spin-lattice relaxation rate, R1,para, versus (a) inverse ideal interparticle separation squared, ∆i
-2 (cf. eqs 4 and 9), and (b) 

clay content, wc (wt %) (cf. eq 10), for a series of PVA/MMTSTx-1b nanocomposites where the MMTSTx-1b contains 1.2 wt% Fe3+ as Fe2O3.  The α values on the 
lines are inversely related to average number of platelets/stack (N) and the dispersion homogeneity (ξ): α ≈ N –1ξ –2 (eq 8).  Solid line is (a) linear and (b) 
curvilinear fit through all MMTSTx-1b concentrations and the zero point; it represents fully exfoliated samples with N = 1 as long as the dispersion homogeneity 
remains constant.  Dot-dashed lines were drawn for samples with an average number of platelets/stack, N = 2 (α = 1/2) by scaling the slope of the solid lines 
(∝ α2, cf. eqs 9 and 10) by 1/4. 

 

Nylon 6/MMT Nanocomposites 

Application of the scaling relations are demonstrated on an 
experimental data set for some technically relevant samples, nylon 
6/MMT nanocomposites.21  The data for these samples exhibit trends 
far from the ideal scenario demonstrated above for PVA/MMTSTx-1b 
nanocomposites.  However, the samples are well characterized by 
various experimental methods.  While XRD can be used to rapidly 
determine whether clay particles are exfoliated or not, statistical 
analysis of TEM images, costly in terms of time, can provide much 
more information.  Such TEM data, along with NMR relaxation 
times, have been reported by van Es and Bertmer, et al.21, 25 for 
nylon 6/MMT nanocomposites with clay contents between 0.2 and 

20 wt %.  From their TEM data, they concluded that in the 5 wt% 
sample, "the majority of clay exists in groups consisting of two 
platelets still stuck together."21  Thus, using this sample as the 
reference (platelets/stack = 2, α = 0.5), we show R1,para versus ∆i

-2 in 
Figure 5.  We assume that all samples exhibit similar dispersion 
homogeneity at clay contents ≥ 2.5 wt%.  After fitting a reference 
line for the 5 wt% sample (solid line, N = 2, α = 0.5), lines marked N 
= 1, 3 and 4 were drawn with slopes (∝ α2, cf. eq 9) that are 4, 4/9, 
and 1/4 times the reference slope, respectively. From the plot it is 
directly revealed how the exfoliation degrades with increasing clay 
concentration from full exfoliation at 1 wt % to larger particles with 
an average number of platelets/stack greater than three at 20 wt %.  
At 2.5 wt %, the average number of platelets per particle is about 

(a) (b) 
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1.5, entirely consistent with the reported analysis of TEM data that 
shows about half of the particles are fully exfoliated while the rest 

contain stacks of 2 − 3 platelets.21 
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Fig.5  Paramagnetic contribution to the spin-lattice relaxation rate, R1,para, versus (a) inverse ideal interparticle separation squared, ∆i

-2 (cf. eqs 4 and 9), and (b) 
clay content wc (cf. eq 10), for a series of nylon 6/MMT nanocomposites filled with MMT containing Fe3+ (3.11 wt % as Fe2O3).21, 25  Relaxation times were 
measured at 500 MHz.21 Numbers on lines in (a) denote average number of platelets/stack (N).  The solid line (N = 2) was chosen as the reference line for the 5 
wt% sample since TEM data indicated the majority of clay particles consisted of 2 platelets/stack.  Lines marked with N = 1, 3 and 4 were derived by scaling 
the reference slope (∝ α2, cf. eq 9) by 4, 4/9 and 1/4, respectively.  The α values in (b) (α ≈ N –1ξ –2, cf. eq 8) were determined by fitting individual data points 
to eq 10. 

 
In Figure 5(b), R1,para is plotted versus wc.  Curves are calculated 

for each clay concentration ≥ 2.5 wt% MMT using eq 10.  The α 
values obtained directly from these predictions are shown on the 
curves.  As clay content increases, α values, which reflect the 
relative quality of clay dispersion, decrease.  Again, using the 5 wt 
% sample as a reference for which we know contains predominantly 
2 platelets/stack (α = 0.5), we can scale all other α values to quantify 
dispersion for all samples.  These α values are plotted in Figure 6 
versus clay content.  The most dilute samples (0.2 and 1 wt % 
MMT) are defined to have α = 1 since TEM indicates complete 
exfoliation and homogeneous distribution.  However, the α values 
for these two samples are not simply explained by the degree of 
exfoliation because TEM shows that the edge-to-edge interparticle 
distance is not negligible as compared to ∆; that is, ξ is not equal to 
1. Moreover, samples containing very low clay concentrations do not 
satisfy the requirements of the model (cf. eq 5, Fig. 1), namely that 
the spin diffusion length, (5T1,PCN D)1/2 is greater than half the 
interparticle separation and the samples are likely far from perfectly 
stratified.  For these two samples, the spin diffusion lengths are 
calculated using D = 0.7 nm2/ms to be 74 and 63 nm, respectively, 
which are much smaller than half the calculated ∆i (cf. eq 4) or 
reported ∆TEM values.  

For the most concentrated systems, for example 15 and 20 wt% 
MMT, surfactants in commercial MMT (> 9 wt% of the PCN) may 
alter the relaxation behavior of the bulk polymer too much from that 
of the neat polymer to yield sufficiently accurate R1,para values, since 
the R1,para calculation assumes T1,m = T1,polymer.  Furthermore, the 
scaling relations may break down for small ∆ (cf. Fig. 3). The TEM 
images reveal very small interparticle spacings at high clay contents 
(e.g., ∆ = 7 and 4 nm at 15 and 20 wt%, respectively), when 
compared with the dilute samples.21, 25  Note that ξ values may also 

increase as clay content increases, leading to an overestimate of the 
α value at higher clay concentrations (assuming α is being used as a 
measure of exfoliation only).  This, however, is not the case for these 
nylon/MMT samples as TEM shows similar ξ  values for clay 
concentrations ≥ 2.5 wt%.21       
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Fig. 6 Clay dispersion, α (α ≈ N –1ξ –2, cf. eq 8), versus clay content, wc, for 
nylon 6/MMT nanocomposites with varying clay content. The α values were 
calculated by fitting R1,para values to eq 10 as shown in Figure 5(b).  As 
discussed in the text, the most dilute samples (0.2 and 1 wt% MMT) do not 
satisfy the model requirements and are therefore assigned to α = 1 since TEM 
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shows that the clay in these samples is completely exfoliated and 
homogeneously dispersed.21 

 

Figure 6 shows that clay dispersion decreases upon increasing 
clay content, in particular, when wc ≤ 10 wt%.  The reduction can be 
attributed to aggregation and formation of tactoids, as observed in 
TEM images.21, 25  The analysis that leads to results like those shown 
in Figure 6 begins with a model in which the paramagnetic 
contribution to the spin-lattice relaxation rate (R1,para) is indirectly 
proportional to the average interparticle separation squared.  
Conversely, when R1,para is assumed to be directly proportional to the 
surface-to-volume ratio of clay to polymer,21 results can be derived 
in which the dispersion quality appears to improve with increasing 
clay content (Figure 2 in reference21).  Bourbigot et al. showed that 
surface-to-volume ratios of clay to polymer are directly proportional 
to initial slopes of relaxation recovery curves, not R1,para.

14 Since 
initial slopes of relaxation recovery curves yield surface-to-volume 
ratios of clay to polymer they will also provide degrees of 
exfoliation. Paramagnetic contributions to the overall spin-lattice 
relaxation rate provide information on the overall dispersion quality, 
which depends on both degree of exfoliation and dispersion 
homogeneity (cf. eq 8).  
 
 
Conclusions 

From a previously developed analytical solution of a lamella-based 
model for describing NMR longitudinal relaxation in polymer 
nanocomposites filled with paramagnetic clay, scaling relations were 
derived.  The paramagnetic contribution to the relaxation rate, R1,para 
was found to be inversely proportional to the square of the 
interparticle spacing and directly proportional to the weight fraction 
squared.  These scaling relations are valid for large interparticle 
spacings (e.g., ∆ > 10 nm), sufficiently fast relaxation of clay surface 
nuclei relative to that of polymer matrix nuclei (e.g., T1,s << T1,m), 
and consistent dispersion homogeneity. We defined a relative 
measure of clay dispersion, α, as the ratio of idealized interparticle 
separation to the actual separation; α is correlated with the degree of 
exfoliation and dispersion homogeneity.  Use of the scaling relations 
depends on knowledge of the clay dispersion in at least one sample 
determined from an independent measurement such as TEM.  The 
scaling relations were validated by comparison with data obtained 
for a series of well exfoliated poly(vinyl alcohol)/montmorillonite 
(PVA/MMT) nanocomposites. We further demonstrated the utility of 
these scaling relations by examining clay dispersion in a series of 
technically relevant nylon 6/MMT nanocomposites, for which the 
results agree with TEM data.  The α values can be determined by 
calculating curves for R1,para versus clay content.  The scaling 
relations presented in this paper provide a simple formalism to 
analyze the dispersion quality of clay particles in polymer-clay 
nanocomposites based on NMR T1 relaxation data, which generally 
can be measured for bulk samples within a few minutes. 
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Figure S1. Normalized magnetization, M(t)/Mo, versus recovery time, t for poly(vinyl 

alcohol)/montmorillonite (PVA/MMTSTx-1b) nanocomposites at weight ratios (PVA/MMTSTx-1b) 

of 100/1, 100/2, 100/4, 100/6, 100/8, and 100/10.  The inset displays the same data plotted as 

ln[1 – M(t)/Mo] versus recovery time, t, the slopes of which reflect the inverse T1s. The 

relaxation rate increases upon increasing the MMTSTx-1b content; all nanocomposites exhibit 

faster relaxation (shorter T1
H
) than the corresponding pure PVA. The calculated T1 values are 

11.64 ± 0.23 s, 9.38 ± 0.23 s, 9.21 ± 0.11 s, 7.01 ± 0.0.07 s, 6.67 ± 0.12 s, 5.00 ± 0.11 s and 3.10 

±0.23 s for weight ratios from 100/1 to 100/10, respectively.    

 

 

 

Model analysis: sinks with infinitely fast relaxation 

 

As discussed in the main text, we recently reported an analytical relationship between NMR 

magnetization growth and interparticle spacings (IPS) in lamellar polymer/paramagnetic clay 

nanocomposites:
1
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8 1 1 (2 1) 1
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n D
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n n D T
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β
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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, 

1/T1,s is the relaxation rate of the clay surface nuclei, and β is the difference between 1/T1,s and 

1/T1,m (i.e., β = 1/T1,s− 1/T1,m).  In the case of the sinks with infinitely fast relaxation (e.g., T1,s � 

0, i.e., β �∞), we can simplify eq 5: 

 

 

1

2
0 1,

8( ) 1
1 exp n

n

no m

DM t
t

M T

β
β

∆

∞
−

=

  
= − − +      

∑
                                                                              

(S1) 

 

where βn = (2n + 1)
2π2

/8. The summation in eq S1 converges quite rapidly with n; numerical 

calculation using just two iterations yields errors less than 5% (see Figure S2).  Taking only the 

first term of the summation, equation S1 can be recast: 

 

                    

2

2 2

1,

( ) 8 1
1 ( )exp

o m

M t D
f t t

M T

π
π ∆

  
= − − +                                                         

(S2) 

 

where f(t) = 1 + 1/9 exp(-8B t) + 1/25 exp(-24B t) +…, and B = π
2
D/∆2

. The value of f (t) 

approaches 1 if t > (8B)
-1

 = 8∆2
/(π

2
D).  Note that this approximation is valid when spin diffusion 

lengths, (D × 5T1)
1/2

, are greater than interparticle separations, ∆. In other words, the interparticle 

distance is such that magnetization throughout the entire sample may equilibrate due to spin 

diffusion during the T1 relaxation process. Thus, samples must be characterized by T1 > 

∆2
/(20D).  Since this is approximately (8B)

-1
 = 8∆2

/(π
2
D), eq S2 should sufficiently describe 

long-time relaxation behavior for f(t) = 1 (i.e., n = 0 in summation of eq S1).  This was 
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confirmed by numerically generating relaxation curves for the first four n values of the 

summation (n = 0, 1, 2 and 3) using parameter values similar to those for a PCN with 5 wt% 

MMT and a spin diffusion coefficient, D = 0.7 nm
2
/ms.  These are shown in Figure S2(a) and 

reveal no difference in the long-time relaxation behavior when t > ~180 ms ≈ 8∆2
/(π

2
D).  

Although differences are observed in the short-time behavior, Figure S2(b) shows that these do 

not significantly affect the overall T1 values determined from plots of ln[π
2
/8(1-M(t)/Mo)] versus 

recovery time.  As a result, from eq S2 with f(t) = 1, the observed 1/T1,PCN can be obtained  

 

 
2

2

1, 1,

1 1

PC N m

D

T T

π
∆

≈ +                                                                                                    (S3) 

 

Equation S3 can be compared to the semi-empirical equation used to compute the paramagnetic 

contribution to the spin-lattice relaxation rate:
2-4

  

 

R1,para = 1/T1,para = 1/T1,PCN – 1/T1,polymer                                                                          (S4)  

 

if the relaxation rate of the pure polymer, 1/T1,polymer, is taken to be the relaxation rate of the bulk 

polymer in the nanocomposite, 1/T1,m.  In this case, the paramagnetic contribution to the 

relaxation is 

 

 

R1,para ≈ π
2
D/∆2

                                                                                                               (S5) 

 

Thus, R1,para ~ ∆-2
, for sinks with infinitely fast relaxation (e.g., T1,s � 0, i.e., β �∞).  
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Figure S2. Relaxation curves numerically calculated using eq S1 and the first four terms of f(t), 

corresponding to eq S2 (first term of summation only) and n = 0, ≤ 1, ≤ 2 and ≤ 3: (a) M(t)/Mo, 

and (b) ln[π
2
/8(1 − M(t)/M0)] versus recovery time. The following parameters were used in the 

calculation: spin diffusion coefficient, D = 0.7 nm
2
/ms, bulk polymer relaxation time, T1,m = 

1.635 s, ∆ = 50 nm and recovery time range from 0.5 to 10000 ms.  Calculated values of T1, PCN 

in (b), 296 ms (n = 0), 293 ms (n ≤ 1), and 292 ms (n ≤ 2 and ≤ 3), are consistent with the 

relaxation constant of 296 ms determined by fitting the data points in (b) to a conventional 

exponential recovery. 
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Figure S3. X-ray diffraction patterns of octadecylamine-modified MMTSTx-1b (C18-MMTSTx-1b) 

and a PVA/MMTSTx-1b nanocomposite (PVA/MMTSTx-1b = 100/10, w/w).  This PVA/MMTSTx-1b 

nanocomposite contains 10 wt% clay and does not exhibit a basal peak (001) reflection, 

indicating the clay is exfoliated. 
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Figure S4. Normalized magnetization, M(t)/Mo versus recovery time for octadecylamine-

modified MMTSTx-1b (C18-MMTSTx-1b) measured at 300 MHz.  T1
H 

 = 21.4 ± 1.3 ms.  
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Figure S5. (a) Normalized and corrected magnetization versus the square root of recovery time 

for poly(vinyl alcohol)/montmorillonite (PVA/MMTSTx-1b) nanocomposites with different clay 

contents. PVA/MMTSTx-1b weight ratios are 100/x where x = 1, 2, 4, 6, 8 and 10. The data were 

measured at 300 MHz and are vertically displaced to prevent overlap. Lines are linear least-

square fits. Slopes of these lines, Si are plotted in (b) as a function of clay content, wc.  These 

initial slopes, which reflect the effective clay/polymer interfacial area, are linearly proportional 

to clay weight fraction and therefore suggest similar degrees of exfoliation in these samples.   
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