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ABSTRACT: A methodology is described that allows for the spatial resolution of shear modulus in silica-filled
PDMS elastomers vidH relaxation measurements and stray-field imaging (STRAFI) techniques. Traditional
Hahn echoes provide a simple, robust route to the extraction of a proton residual dipolar coupling constant (RDC),
a direct measure of chain mobility and a parameter that can be corollated to nhumerous mechanical properties.
Defining a dimensionless RDC eliminates any artifacts associated with low-field measurement and allows the
RDC to become independent of field strength. A direct correlation between the NMR determined dimensionless
RDC and results from dynamic mechanical analysis are presented, then employed via STRAFI to determine
spatial variations in moduli associated with irradiated elastomeric materials. Reliable performance, despite poorly
optimized STRAFI conditions, is demonstrated with an error of no more than 22% between the calculated shear
modulus and the measured value via DMA.

1. Introduction subjected to various exposuresofadiation, correlate them

There is considerable need for the development and practicalt© meduli obtained from dynamic mechanical analysis, and show
application of methods that can elucidate structural and dynami- that moduli can then be imaged using simple MRI methodolo-
cal changes associated with polymer degradation and aging. Fodi€s: The correlation between RDC and modulus is scalable
example, the demanding environments to which poly(dimeth- down to magnetic fields typically used in porta}ble MR devices,
ylsiloxane)-based (PDMS-based) elastomeric materials areportendmg the de\{elopment of standoff ex situ assessment of
exposed often induce subtle microscopic changes of engineeringé!astomeric moduli.
concern resulting in limited device lifetimes. Broadly speaking,
experimental methods for the characterization of polymer
degradation must be sensitive to changes that occur upon The samples studied were a series of poly(dimethylsiloxane)
exposure to harsh chemical, physical, mechanical, and radiologi-Poly(diphenylsiloxane) silica-filled elastomers exposed to five
cal environments. Most desirable would be a technique that cUmulative doses of up to 50 MRad pfirradiation. The pristine
provides spatial resolution in a noninvasive and nondestructive fﬁmp'e' une>:_posed dto rad|at|§;_n, was a;alsof stut(j;eclzl. még:ta'ls of
fashion, yet remains a relatively simple analytical methodology. €ir preparation anc composition can be found eise :

Nucl i t NMR) has b IH NMR was conducted at magnetic fields of 0.49, 1.54, and
uclear magnetic resonance spectroscopy ( ) has €€N, 70 T at room temperature under static conditions. The mid-field

employed for the fundamental studies of polymer-containing gata were taken with a LapNMR spectrometer (Tecmag, Houston,
materials for over 30 years. Data from these studies show strongrx) operating at 65.614 MHz. The low-field data were obtained
correlations between several NMR observables and macroscalen a permanent magnet also with a LapNMR spectrometer at 20.7
polymer propertie$8 In the case of elastomeric materials, these MHz. Because of the magnet’'s temperature sensitivity (field shift
properties are dictated to a large degree by network topology. of approximately 5 kHZLC), an environmental controller was built
The motional restrictions imposed by chemical cross-links and to_house the magnet and keep the temperature constant within
physical entanglements prevent complete (i.e., isotropic) chain -2 °C. High-field work was done on an AMX200 spectrometer

; ; ; : ; Bruker, Billerica, MA) at 200.13 MHz. All experiments were
reorientation on the NMR time scale thus partially preserving ( y : . - . .

: . . : : performed at 25C under static conditions, as the highly mobile
ﬁ’;&ﬁgg{c ((d;;);;?(ia:érgéﬁgictlons, n particular the nuclear networks provided significantly narrower proton line widths than

. . . those typically seen with polymeric materials, which often exceed
More recently, magnetic resonance imaging methods have g kHz. Additionally, as room temperature is significantly above

!oeen er_nployed to provide spatial resolution of residual dipolar the polymer’s glass transition temperatuifex( T, + 50°C), chain
interactions through measurement of, for example, transversemobility will be not dominated by thermal motion but instead only
(T2) magnetization decay and multiple quantum coherence by the topological constraints restricting it (i.e., chemical and
buildup21°1In this fashion one can ostensibly map out not only physical cross-links and entanglements).
spin density on a pixel-by-pixel basis but also measures of Transverse magnetization decay curves were obtained using the
molecular mobility on the order o1 mm in soft materials. ~ Standard Hahn echaz2). — 7 — ()y — acquire, combined with

In this paper we seek to demonstrate the application of CYCLOPS to remove instrumental a(tlfacts. Data were obtained
residual dipolar couplings (RDCs) toward the imaging of Il:asr:n?ht:/t/)g; igﬂ";%ﬁ'ﬁéi?g ?c())rmaell-t;imerr)imgﬁtss’, bé’ég%g%ui;e
mechanical properties in radiation-damaged silica-filled PDMS 9 P P \

| - h i P | natural abundance and the probes’ relatively high Q values, in
elastomers. We determine these couplings for elastomersyenera| only 1224 scans were required for exceptional signal-to-

noise for a +2 mm? sample volume. A typical experiment was
* To whom correspondence should be addressed. on the order 3 h given a repetition delay of 4 s.

2. Experimental Section
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13 Table 1.Dyes as a Function of Radiation Dosage at 65, 200, and 20

lid-lik
solid-like MHz

2o,
< 600, dose Dres(Hz) Dres(Hz) Dres(Hz)
€ B, oo, (MRad) at 65 MHz at 200 MHz at 20 MHz
2z £ 0 260+ 10 231+ 10 383+ 23
2 2 Biy, oo, 1 166+ 8 159+ 8 275+ 18
2 o 5 716+ 4 168+ 10 260+ 13
| 0.1 s 10 178+ 4 196+ 15 302+ 20
Sr 0 05 1 15 2 25 25 230+ 3 225+ 12 367+ 19
g echo time (msec) 50 336+ 3 317+ 16 519+ 21
S . . . . . .
c liquid-like tail rated by virtue of the frequencies of their motions in relation to
x Pristine each other. Rapidly rotating methyl groups contained within
1 MRad liquidlike components are able to sample the entire solid angle,
« 50 MRad BNk effectively averaging out the dipolar interaction, whereas those
% X . . . . .
0.01 ; ; R of solidlike components only experience a partial averaging of
0 4 8 12 16 20 24 28 this interaction over the time-scale of the NMR experiment.
echo time (msec) Even though the short-term signal decay determines the RDC

Figure 1. T, decay curves for pristine), 1 MRad ¢), and 50 MRad magnitude, we have chosen to fit the entire decay envelope since
(®) samples at 65 MHz. The solidlike decay dominates at short echo the signal-to-noise ratio is so high/100 at short delay times);

times whereas liquidiike populations are seen at times greater than aqgjtionally we were able to obtain the relative contributions
approximately 16 ms. The inset shows the short time decay which |st the total d The data h b fit .
dictated by the motionally-hindered, dipolar-coupled protons. 0 the total decay curve. 1he data have been Nt {o an expression

for the decay of transverse magnetizatidm,, assuming its

Images of the samples were acquired using stray-field imaging applicability to polymer chains subject to topological constraints.
technique®¥ (STRAFI) at 299.32 MHz with an Apollo console  M(z), as a function of echo time, is given by the normalized
(Tecmag, Houston, TX). The resultant images were one-dimensionalequation
and obtained in a constant magnetic field gradient of 0.2 G/cm
with little optimization. The strength of the gradient was measured \j (¢
by both glycerol and water diffusion experiments and confirmed __* ° _ X, exp[-M 12] +
by imaging a sample of known length. This relatively low gradient (0) 1 2
strength was chosen to maintain high signal-to-noise per pixel, as ¥ 4
well as demonstrate the technique’s validity despite very little T
additional experimental optimization. The2 pulse length of 10 in eXF{_T_
us was chosen to ensure relatively uniform excitation across the = 2]
entire sample height. Spectra were obtained using the Hahn echo ) ) )
method described above. A total of 100 spectra were taken all Wherex, is the relative amount of protons described\y, the
together which contained each 512 signal averages. With a repetitionresidual second moment of the dipolar line width axd
delay of 4 s, this experiment was 2.5 days in duration. represents one of three transverse relaxation timgs,Note

For all three field strengths used in the relaxation studies, data that for the first term of eq 1, the factor & that appears in
were analyzed by integrating the magnitude of the FID and baseline strict definitions of the van Vleck second moment has been
qorrecting in postprocessing. This procedure accounted for any smallg;,psumed int »in the present work. Also, the longéBtvalue
field drifts of the permanent magnet. Extracted decay curves were corresponds to a small fractiorc§%) of protons associated

normalized to the magnetization after a one-pulse experiment and . . . . e —de i
equivalent experimental conditions (e.g., number of scans, receiver'Vith freely mobile dangling chain ends;”. T5° has been fixed

gain, etc.) and fit using nonlinear regression techniques in a standard@t 32.5 ms based on measurements of the unfilled, uncrosslinked
computational mathematics package. STRAFI images were analyzeddum stock after isolating the liquidlike component (as opposed
in an identical fashion, though the real component of the Fourier to relaxation from protons on strongly entangled chains which

4
with % x, =1 (1)

transformed, phased spectra was used. would exhibit solidlike behavior).
) ) Under the AndersonWeiss formalisni/ M, (ms~2) is related
3. Results and Discussion to the residual dipolar coupling constaBkes (Hz), by the van
3.1. Measurement of Proton Residual Dipolar Coupling. Vleck second moment:
As mentioned above, determination of the residual dipolar
coupling for this work was done vid, decay curves. This _ 9 271D )2
method was chosen by virtue of both its experimental and M2_2_o 1000 @)

analytical simplicity. Recently, other techniques have been
shown to be more accurate, as spatho experiments can Despite identifying several proton environments with different
obfuscate RDC measurement as a result of, for example, dubiougelaxation parameters in accordance with eq 1, reported in the
model assumptions and fitting ambiguiti€s? In general, this first two columns of Table 1 is solelfpes as a function of
group has found, on average, a 30% difference in the couplingsradiation dose taken at 65 and 200 MHz.
measured vid, decay and a sine-correlation experintémthich At these two fields, the RDC in general increases over the
filters out all signal but that of dipolar origin (unpublished data). dosage range, pointing toward reduced motional averaging of
Moreover, since we are presently only concerned with relative the dipolar interaction due to radiation-induced cross-linking
changes in the RDC magnitude, we feel that the spitho of side chains. In contrast, an interesting phenomenon appears
method is adequate. at low dosage levels at which a decrease in RDC is observed,
Figure 1 shows representative transverse magnetization decaysmplying an increase in segmental mobility. Recent studies have
for the pristine, 1 and 50 MRad samples at 65 MHz. The solid- explained this observation in terms of hydrogen bond interrup-
and liquidlike decays (due to motionally hindered protons and tion and a concomitant release of chains at the silpalymer
completely mobile protons, respectively) are temporally sepa- interfacel!
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Figure 2. Comparison of initial transverse decay for prisitine sample Figure 3. The field-independence of the reduced ROD, as a

at 20 MHz (x), 65 MHz (@), and 200 MHz ¢). Discussion of graph ~ function of dosage at 20 MHz), 65 MHz (@), and 200 MHz ¢).

found in the text. The bold line is merely a guide for the eye, and the dashed line
demarcates the transition from softened to stiffened as compared to

In an effort to demonstrate the applicability of this technique the pristine sample.

at low field, the same data were acquired on a 20 MHz Table 2.D* as a Function of Radiation Dosage at All Three Fields,
permanent magnet. In principle, the magnitude of the RDC Error Is Estimated at No More than 15%

should be independent of the Zeeman field strengh. Previous qose (MRad) D*at20MHz D* at65MHz D' at 200 MHz
reports, however, have demonstrated the difficulty in acquiring

reliable estimates of RDCs at low fields where field inhomo- é ,g:gg ,8:32 ,g:gg
geneities and susceptibility effects from filler particles can play 10 —-0.22 —0.30 —-0.14
a large role in obfuscating their measureméntlevertheless, 25 —0.04 —0.09 —0.02
we have attempted to obtain estimates of the RDCs for the 50 0.36 0.32 0.34

pristine and five irradiated samples.

all fields investigatedD* is relatively constant for a given
The last column of Table 1 shows the 20 MHz RDC measured ! nvestig P ey g

) .~ radiation dose implying that correlating it to a particular
for the samples as compared to the data taken at high field. e chanical property is advantageous over its absolute counter-
While a low signal-to-noise ratio (SNR) is not unexpected at part, as this normalization scheme effectively removes any
20 MHz, the SNRO wg* scaling law being well-known, the  spyrious field dependencies.

relatively poor SNR seen here precipitated overestimation of 32 Estaplishing an NMR/Shear Modulus Correlation.To

the RDCs by about 50% when compared to data at 65 and 200ggtablish a theoretical link between proton residual dipolar
MHz. As shown in Figure 2, however, comparison of the initial - ¢oypling and a macroscopic structural parameter such as shear
decay curves out to 1.5 ms (where the component associatedyodulus, we seek to establish a common dependency!Hhe

with the RDC dominates) shows identical decay patterns Rpc of an isolated, rapidly reorienting methyl group can be
suggesting that SNR is affecting RDC extraction to the largest expressed &8

degree as opposed to systematic low-field effects such as

microscopic magnetic field gradients at the filler interface (which s V6, «n R® 3

should have been refocussed to a large extent with the-spin D= 7(k§ ))NTZD( P,(cosy) (4)
echo sequence). This complication is not unexpected, as the a

reliability of these measurements depends heavily on not only tpe rigid dipolar coupling constanD®, is defined by go

the model chosen to represent the transverse magnetizationy;y, 2, (1/3), wherer is the distance between methy! protons
decay but also on the quality of the decay data obtained, (919 nm)R is the end-to-end vector of a chain between cross-
particularly when the proton component associated with the jinks N is the number of statistical segments of lengtrand
residual second moment is comparatively small (less than 20%p,(cosy) is the second-order Legendre polynomial with respect

of the total signal). o , , to the angle between the end-to-end vector and the external
To compensate for this overestimation, a new d|men5|onlessmagnetiC field, Bo. The geometric factok and the order

variable can be (_:reated that represents the relative change i'barameter33) account for freely jointed chain statistics (for
RDC as a function of dosage, or in other terms, one that \yhich k = /s, ref 21) and methyl reorientation of th@ axis

references the FéDC at a given dgsa@)ﬁes to that of the  ghqtR, respectively. An additional factor of/6/2 appears
pristine sampleD . This quantity,D*, can be expressed as  \yhen expressing the homonuclear residual dipolar Hamiltonian

in terms of the irreducible tensor operatﬂigg,.zo Approximat-

d 0
D* — Dres— Dres 3 ing the polymer network as one of the Gaussian disordered
= DO ®) chains, a dimensionless end-to-end vector can be defined which
res is on the order of unity,
whereby, for example, a negative value indicates softening in ) R2 R2
comparison to the pristine sample. Table 2 and Figure 3 both q =—= (5)

show this reduced RDC for all dosages and field strengths. For [Rzgz Na®
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DredHz)
320 - ) upon the network, which might be thought of as a quasi-nematic
Eob) -— - potential acting on chain packing. We have nothing further to
300 £ softening | siffening _ add to these arguments in the present work, other than to note
E ot that the dipolar correlation methods measure coherence loss
280 1 ; - associated with slower dynamics with time-scales*19< 7.
260 P < Ti, whereas the those associated with the presgdecays
= A are 106s < ¢, < 10 3s.
& 240 4 i - Table 3 shows shear modulus data for these samples adapted
o E 1o Hoe from Maxwell et alt! Figure 4a shows the combination of these
2201 | g pigbtit o x  20MHz data with RDC measurements at both 200 and 65 MHz. Since,
: P 5 ® G5MHz however, the absolute RDC data is dependent on the field at
200 1 - ' ¢ 200 MHz . :
P ; which they are measured, we have chosen to establish the
180 4~ ; modulus/NMR correlation using the dimensionl&8sscheme.
‘ Linear regression for these data yield
160 ey
05 -04 03 02 01 0 01 02 03 04 05 G = 117[GPab* + 238[GPa] ©)
o*
Figure 4. (a) Relation ofG' to Dresat 65 @) and 200 MHz ¢). (b) G' The intercept at 238 GPa represents the fDat= 0 and an
versusD* at all three fields: 20 ), 65 @), and 200 MHz ¢). The estimation of shear modulus in the absence of irradiation. This

thick dashed line is the fit according to eq 7. The thin vertical dashed corresponds well, within 5%, with the measured value (see Table
g’;‘;r;gg;ﬁ;egz%w; rg[atmdtot qﬁe E[lJrl’ricS)\{ivl'?e 'Sgr'rfafeate& tgéggqom'nam 3). The relatively high slope of 117 GPa indicates there will be
high sensitivity to shear modulus variations for even small

Table 3. Dynamic Mechanical Analysis: G' as a Function of changes in the reduced RDC.
Dosagé* With eq 7 there now exists the ability to indirectly determine
dose (MRad) G (GPa) the modulus, a macroscopic quantity, simply by measuring an
0 227.0 NMR parameter that is dictated primarily by polymer chain
1 216.6 mobility. An even more useful result, perhaps, is that this
5 192.2 correlation is independent of the mechanisms affecting network
;g gg-g structure. The data displayed in both graphs of Figure 4 represent
50 2845 the entire irradiation range including both the softening effect

that dominates at low dosages and the high-dosage crosslinking.
such that the RDC scales merely as the inverse of the numberin particular theD*/G' correlation has shown to be robust to
of chain units,N~%. The storage modulus' also scales with both the magnetic field and various degradation mechanisms.
the inverse oN through a direct dependence on the cross-link  3.3. Application of the D*/G' Correlation. For the present
density, vc,2? work, a sandwich of three samples of different dosages each

were made and placed in a 10 mm NMR tube (see Figure 5),

G =uvkTON" (6) and one-dimensional STRAFI images were obtained to test the

accuracy of the above correlations in tandem with the imaging
Therefore, assuming the Gaussian assumption holds, theremodality. The sandwich was constructed to contain mo@ést
should be a proportional relationship between the residual contrast between layers. The direction of the stray field gradient
dipolar coupling and shear modulus. Previous researcherswas assumed to be normal to the broad face of the individual
provide data that contradict this assumption. For example, datasandwich components, but it is important to note that no detailed
acquired! using dipolar correlation methotislo not show this field mapping was done to determine gradient variation across
expected proportionality. The lack of proportionality is thought the sample or any nonlinearities that are likely to be present.
to deviate from Gaussian random chains via mesh chains that Figure 6 shows a summary of the STRAFI data. Extraction
are stretched more than expected (presumably due to the naturef the residual second momeM,, was fairly straightforward,
of the crosslinking in these networks). It is further argife:idat with values comparable to those of the bulk relaxation measure-
this deviation from linear behavior may be due to the large- ments. The values are larger overall, which is merely an effect
scale cooperative nature of the topological constraints imposedof the magnetic field inhomogeneities artificially increasing
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0.4 cm 04cm  04cm the bulk shear modulus of PDMSilica elastomers. A field-
7 _ f f 300 independent, reduced RDC was defined that opened up the
possibility of low-field measurement, making this technique
6 - A A Ad L. aa " 1 particularly attractive, as inexpensive permanent magnets and
o A 4 portable single-sided systems are more amenable to efficient,
5 = “aa® in-field diagnostics.
T 200
o _ We also recognize that various exact decay expressions have
847 . a been developed (including some from our own laboratory) which
‘é” 1 MRad 50 MRad Pristine T 150 O ot H
= % rely purely on po_Iym(_er stat|st|qal theories and not on _the second
= moment approximation exploited above. Research is currently
5 T 100 being conducted using these expressions that will be used in
% E H H % ] conjunction with the present samples in part for a truly model-
1 3 ﬁ ﬁ b 1 50 free determination of shear modulus via NMR.
— i1t by gt ¢
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