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a b s t r a c t

The natural abundance 29Si echo-train coherence lifetimes in network-modified silicate glasses were
examined under static and magic-angle spinning (MAS) conditions. The nuclear magnetic properties of
modifier cations were found to play a major role in determining 29Si coherence lifetimes, leading to dif-
ferences as large as three orders of magnitude. In compositions with abundant NMR active nuclei, such as
alkali silicates, the 29Si coherence lifetimes are dominated by coherent dephasing due to residual
heteronuclear dipolar couplings, whereas in compositions dilute in NMR active nuclei, such as alkaline
earth silicates, the 29Si coherence lifetimes are dominated by incoherent dephasing due to paramagnetic
impurities. Expressing the inverse of the coherence lifetime as a residual full width at half maximum
(FWHM), we found that increasing rates of both MAS and a p-pulse train are effective in removing the
residual 29Si heteronuclear broadenings, with a near-linear relationship between FWHM and MAS rotor
period and p-pulse spacing. Based on these results, we conclude that accurate 29Si J coupling measure-
ments will be the most challenging in lithium silicate glasses due to strong homonuclear dipolar cou-
plings among 7Li nuclei, requiring MAS speeds up to 100 kHz, and be the least challenging in the
alkaline earth silicate glasses. At a modest MAS speed of 14 kHz, distributions of geminal J couplings
across Si-O-Si linkages were measured in alkali and alkaline earth silicate glasses giving mean values
of 4:2 Hz and 5:1 Hz in 0.4 CaO�0.6 SiO2 and 0.33 Ba2O�0.67 SiO2 glasses, respectively, and 5:2 Hz and
5:3 Hz in 0.33 Na2O�0.67 SiO2 and 0.33 K2O�0.67 SiO2 glasses, respectively. We also observe greater vari-
ance in the J distributions of alkaline earth silicate glasses consistent with greater structural disorder due
to increased modifier cation potential, i.e., the charge-to-radius ratio, Z=r of the cation.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Silicon-29 nuclear magnetic resonance (NMR) spectroscopy is a
powerful experimental method for obtaining insight on the
atomic-level structure of silicate glasses. Distributions in nuclear
spin interaction parameters, such as isotropic chemical shifts,
chemical shift anisotropies and J couplings, can be mapped to rel-
evant structural distributions in Qn species, bond lengths, and
angles [1–4]. In such measurements, long coherence lifetimes are
essential for accurate frequency measurements, particularly for
determining 29Si geminal J couplings, which are on the order of
1–20 Hz in silicates [5], requiring K � J, where K is the residual
full-width at half maximum after a combined coherent averaging
with magic-angle spinning (MAS) and a p-pulse train. Additionally,
extended echo-train coherence lifetimes can provide dramatic sen-
sitivity enhancements with echo-train acquisition of the spectra
with strong inhomogeneous line broadenings, such as glasses,
and half-integer quadrupolar nuclei with strong second-order
broadenings [6–10].

The coherence lifetimes under MAS and a p-pulse train are
often governed by the secular part of some relaxation mechanism
[11] or a coherent dephasing due to residual heteronuclear dipolar
couplings to a spin bath of dipolar coupled homonuclear spins [12].
Both contributions can be reduced or eliminated and coherence
lifetimes lengthened by increasing the MAS spinning rate, the p-
pulse rate, or both. In terms of relaxation theory, the MAS spinning
or p-pulse train rate gets introduced into the spectral densities in a
manner akin to the Larmor and Rabi frequencies [11]. While this
will be negligible in the case of longitudinal relaxation, it can
strongly affect transverse relaxation caused by slow fluctuations
[13]. A. J. Vega [14] showed that the T2 dependence on the correla-
tion time of a fluctuating Hamiltonian, sc , inverts when the coher-
ent averaging period, sp, becomes smaller than sc . Therefore, for
slow motions and under an appropriate coherent averaging
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Table 1
Sample identification and compositions along with melt procedure used in this study.
Compositions marked with an asterisk are doped with 8 mmol/mol of CoO. The
number of times the melt procedure was repeated for each glass composition is given
in parentheses next to the melt temperature, Tm , in the last column.

Sample ID Composition Tm/�C

33Na:67Si 0.33 Na2O�0.67 SiO2 1100 (�2)
40Ca:60Si 0.4 CaO�0.6 SiO2 1550 (�3)
33Li:67Si⁄ 0.327 Li2O�0.665 SiO2 �0.008 CoO 1200 (�2)
33Na:67Si⁄ 0.327 Na2O�0.665 SiO2�0.008 CoO 1100 (�1)
33K:67Si⁄ 0.327K2O�0.665 SiO2�0.008 CoO 1300 (�2)
40Ca:60Si⁄ 0.397 CaO�0.595 SiO2�0.008 CoO 1550 (�1)
33Ba:67Si⁄ 0.327 Ba2O�0.665 SiO2�0.008 CoO 1500 (�2)
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scheme, T2 is not locked at the rigid lattice limit but passes through
a minimum and grows with shorter sc values according to

1
T2

� d2s2p=sc; ð1Þ

where d is the magnitude of the fluctuating Hamiltonian.
In this paper, we (a) examine the mechanisms responsible for

29Si p-pulse echo train coherence lifetimes in a series of alkali
and alkaline earth silicate glasses under static and magic-angle
spinning conditions, (b) determine how decay constants associated
with these processes are related to local structure and dynamics,
and (c) develop strategies for lengthening coherence lifetimes to
enable accurate and precise measure of geminal J couplings
between 29Si nuclei across the Si-O-Si linkage [2,5,15] in network
modified silicate glasses.

In these efforts, we find that measuring the coherence lifetime
under a p-pulse echo train with the Carr-Purcell-Meiboom-Gill
(CPMG) sequence can be complicated by rf inhomogeneities, which
introduce stimulated echoes, whose decay is governed by a mix of
longitudinal and transverse relaxation. For this reason, we employ
the Phase Incremented Echo Train Acquisition [16] (PIETA)
sequence, which eliminates these stimulated echo artifacts and
provides a more accurate measure of the spin-echo decays and
any J modulations. While PIETA gives a more accurate measure-
ment of the upper limit for the echo train coherence lifetime, inho-
mogeneities in the rf field strength can still bias the measured
lifetime toward lower values.
2. Methods

2.1. Silicate glass preparation

Table 1 gives the compositions of the series of alkali and alka-
line earth silicate glass samples prepared for this study. The addi-
tion of the alkali or alkaline earth oxides to a silica melt causes
depolymerization of the silicate network. This depolymerization
leads to the formation of five types of SiO4 tetrahedra, each charac-
terized by its connectivity, i.e., the number of oxygen that are
corner-linked to other tetrahedral [17,18]. These are designated
with the notation Qn, where n �ð 0–4) represents the number of
bridging oxygen per tetrahedron.

Prior to synthesis, the precursors Li2CO3 (Aldrich, ACS reagent
grade), Na2CO3 (Aldrich, 99.99%), CaCO3 (Aldrich, ACS reagent
grade), BaCO3 (Alfa Aesar, 99:997%), K2CO3 (Aldrich, ACS reagent
grade) and SiO2 (Alfa Aesar, 99:99%) were placed in a dehydrating
oven under vacuum and at 100 �C overnight to remove water from
the materials. Stoichiometric amounts were ground together to
ensure homogeneity, and decarbonated overnight. Decarboniza-
tion of Li2CO3 and CaCO3 was done at 900 �C, Na2CO3 at 700 �C,
K2CO3 at 950 �C and BaCO3 at 1300 �C. Batches of approximately
6 g were melted in a 20 cm3 platinum crucible at the temperatures
given in Table 1 for 30 min before quenching into a glass by placing
the bottom of the crucible in water. This melt procedure was
repeated 1 to 3 times, depending on the glass composition, as indi-
cated in Table 1.

All but two glasses were subsequently ground with
�8 mmol/mol CoO (Alfa Aesar, 99:9995%) followed by another
melt and quench procedure to enhance longitudinal relaxation
rates. The CoO-doped glass compositions are designated with
an asterisk. All doped glasses had a blue tint. In the case of
the calcium silicate glass, this CoO doping reduced the
spin-lattice relaxation time of 29Si from 2260 s to 37 s.
The importance of using Co(II) as the paramagnetic dopant is
that it significantly reduces the 29Si T1 times while causing only
minor decreases in T2 (see Table 4). Despite attempts to clean
2

the platinum crucibles in hydrofluoric acid after each synthesis,
some paramagnetic contaminants leached out of the crucibles
and into the melts during glass synthesis. This contamination
may be responsible for some variation in paramagnetic concen-
trations of the samples.
2.2. NMR measurements

Nuclear magnetic resonance spectroscopy measurements were
performed at room temperature on a hybrid Tecmag Apollo-
Chemagnetics CMX II 9:4 T NMR spectrometer using a 4 mm
Chemagnetics MAS probe. Glass samples were ground and packed
in NMR rotors under inert conditions in a nitrogen-filled glove box.
Undoped samples were measured on a Bruker Avance III HD
9:4 T NMR spectrometer using a 7 mm Bruker MAS probe. The sta-
bility of the spinning speed was �2 Hz. The magic angle was set
with the 2H signal of deuterated hexamethylbenzene.

The natural abundance 29Si static and MAS spectra are shown in
Fig. S1 of the Supplemental Material. The line shapes of the highest
speed MAS spectra are unresolved as inhomogeneous broadenings
dominate due to a distribution of isotropic chemical shifts [19].
With all glasses at or near the disilicate composition, these spectra
are dominated by Q3 sites, which span a range of �94 ppm to
�89 ppm. The isotropic line widths for the modified silicate glasses
increase with increasing cation potential (i.e., the charge-to-radius
ratio, Z=r) of the modifier cations, which cause greater depolymer-
ization of the silicate network [19]. The full width at half maxima
of the MAS spectra, given in Table 2, range from around 10 ppm for
glasses with lower potential modifiers, such as potassium and
sodium, to around 20 ppm for glasses with the higher potential
modifiers, such as calcium.
2.2.1. Magnetization recovery
Longitudinal magnetization recoveries were measured using

the saturation recovery sequence [20] with logarithmically spaced
recovery times. The 29Si T1 measurements were performed with
CPMG echo train acquisition for signal enhancement. Experimental
acquisition parameters are summarized in Table S1 of the Supple-
mental Material. The p=2 pulse lengths for 29Si varied from 6:5 to
7:6 ls. All 7Li NMR transitions were excited with p=2 pulse lengths
of 7:5 ls. For 23Na, only the central mI ¼ � 1

2 ! 1
2 transition was

excited using a selective p=2 pulse of 10 ls duration. Magnetiza-
tion recoveries were fit to the stretched exponential function,

Mz tð Þ ¼ Mz 1ð Þ � 1� exp � t=T1ð Þb1
h ih i

; ð2Þ

where T1 is the longitudinal magnetization recovery time and b1 is
the Kohlrausch exponent. The stretched exponential function is
used to account for a distribution of relaxation times. The best-fit
parameters are given in Table 2.



Table 2
The NMR line shape modes, d modeð Þ

iso , full width at half maxima, DdMAS, and spin-lattice relaxation parameters, T1 and b1, from the MAS spectra of glasses measured in this study.
Here, v2

m is the reduced chi-square for the fit to Eq. (2) and s1;95% is the 95% recovery time for the longitudinal magnetization. Compositions marked with an asterisk are doped
with 8 mmol/mol of CoO.

Sample Nuclide d modeð Þ
iso /ppm DdMAS/ppm T1/s b1 s1;95%/s v2

m

33Li:67Si⁄ 29Si �89 16 38� 1 0:64� 0:02 210� 10 1.38
33Na:67Si 29Si �88 10 1900� 100 0:79� 0:01 7800� 500 1.48
33Na:67Si⁄ 29Si �87 11 47� 1 0:61� 0:01 185� 8 7.94
33K:67Si⁄ 29Si �89 11 81� 3 0:59� 0:01 510� 30 9.47
40Ca:60Si 29Si �87 20 2260� 60 0:61� 0:06 13800� 500 4.21
40Ca:60Si⁄ 29Si �86 21 37� 1 0:65� 0:02 203� 9 16.3
33Ba:67Si⁄ 29Si �91 17 68� 4 0:65� 0:01 360� 20 13.3

33Li:67Si⁄ 7Li - 5 0:351� 0:007 1:00� 0:02 1:05� 0:03 5.02
33Na:67Si⁄ 23Na - 41 0:0233� 0:0003 0:63� 0:01 0:131� 0:003 7.51

Fig. 1. Graphical representation of the PIETA sequence [16] and p symmetry
pathway [26]. The pulse sequence gives a three dimensional dataset S /; k; t2ð Þ,
where / is the PIETA phase dimension, k is the echo count dimension, and t2 is the
direct acquisition dimension. To avoid introducing spinning sideband artifacts, the
spacing between the centers of adjacent pulses should be an integer multiple of the
rotor period. The number of loops for j ¼ 1 . . .m=2 gives a k dimension with m
samples. The PIETA phase / is incremented from 0 to 2p along the phase dimension
using nk þ 2 steps. After a Fourier transform along the phase dimension the echoes
with the desired accumulated Dp are selected to reduce the signal to two
dimensions: k and t2. The k dimension is converted into the echo decay dimension,
t1, according to t1 ¼ 2ks1. A Fourier transform of the signal along t2 followed by a
projection of the signal yields a one dimensional dataset decaying along t1.
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2.2.2. p-Pulse echo train coherence lifetimes
All p-pulse echo-train coherence lifetimes were measured using

the Phase Incremented Echo Train Acquisition [16] (PIETA)
sequence illustrated in Fig. 1. Additional details on its implementa-
tion and signal processing are given in the caption of Fig. 1. For all
measurements, a recycle delay, s0, was chosen to ensure 95%
recovery of the equilibriummagnetization. A complete list of pulse
lengths and other acquisition parameters are given in Tables S2
and S3 of the Supplemental Material.

We use the full width at half maximum (FWHM) of the Fourier
transform of the p-echo train decay, K, as a measure of the residual
29Si line width after averaging with a p-pulse train and MAS. While
some readers might prefer the symbol T 0

2 as the constant charac-
terizing the coherence lifetime [21], we avoid this usage as it con-
flicts with the earlier and still common literature usage of T 0

2,
originally defined by Bloembergen, Purcell and Pound, as the con-
tribution to T2 from the spectral density function at zero frequency,
i.e., the secular contribution [22–24]. We prefer the use of FWHM
as it is intentionally vague concerning the nature of the broadening
mechanism, i.e., coherent or incoherent processes. We determine
the FWHM by modeling the echo train decay with a stretched
exponential function

S t1ð Þ ¼ A exp � kt1ð Þb
h i

; ð3Þ

where k is the decay rate constant of the transverse magnetization
during a train of p pulses [25] and b is the Kohlrausch exponent that
accounts for differential relaxation among sites. The FWHM is
obtained from an analysis of the numerical Fourier transform of
Eq. (3).

Even at a 29Si natural abundance of 4.67%, there is a non-
negligible number of 29Si nuclei involved in direct and indirect
homonuclear couplings across 29Si-O-29Si linkages. In pure silica
glass, for example, 82.6% of the 29Si resonances do not experience
homonuclear couplings, while 16.2% exhibit two spin couplings,
and the remaining 1.2% exhibit three and four spin couplings [2].
The fraction of 29Si nuclei experiencing homonuclear couplings
decrease with increasing modifier cation content. In a network of
Q3 sites, for instance, only 12:73% are involved in a two spin
coupling.

The direct homonuclear dipolar coupling across a 29Si-O-29Si
linkage at �3 Å is on the order of �170 Hz. This dipolar coupling
will be present in measurements on static samples but is elimi-
nated with MAS, even at moderate spinning rates.

The geminal 2JSi�O�Si coupling across a 29Si-O-29Si linkage ranges
from 0 to 25 Hz, depending primarily on the Si-O-Si angles of the
two tetrahedra in the linkage [5]. This geminal 2JSi�O�Si coupling,
which is not removed by MAS, can lead to a modulation of the
29Si echo train amplitude. For two spin-1=2 nuclei coupled through
3

the J interaction, the modulation of the kth echo predominantly fol-
lows [27,28]

s kð Þ / cos pJk2s1 � k sin�1 J sin pR2s1ð Þ
R

� �� �
; ð4Þ

where

R ¼ Dm2 þ J2
� �1=2

: ð5Þ

Here Dm is the difference in the chemical shifts of the J-coupled
spins. From Eq. (4) one finds the well-known behavior that the echo
modulation frequency disappears as the strong coupling limit,
where J 	 Dm, is approached,

lim
R!J

s kð Þ ! 1: ð6Þ

All resonances close to the strong coupling limit exhibit modulation
frequencies at or near 0 Hz. From Eq. (4) one can also find in the
weak coupling limit, where J � Dm, that

s kð Þ / cos pJk2s1 1� sinc pR2s1ð Þð Þ½ 
: ð7Þ
It is critical to be aware of two limiting behaviors for echo train
acquisition in the weak coupling limit. When 2s1 is large, or more
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specifically, sinc pR2s1ð Þ � 1, this expression simplifies to the
expected behavior,

lim
2s!1

s kð Þ ! cos pJk2s1ð Þ: ð8Þ

On the other hand, in the limit that 2s1 goes to zero, i.e.,
sinc pR2s1ð Þ ¼ 1, the echo modulation frequency disappears,

lim
2s1!0

s kð Þ ! 1: ð9Þ

Thus, even in the weak coupling limit, the J modulation during echo
train acquisition deviates from the expected behavior of Eq. (8),
instead giving, according to Eq. (7), a 2s1 dependent echo modula-
tion frequency (sinc function variation of the J splitting) when the
inter-echo period is short relative to the inverse of the shift differ-
ence. The influence of this effect diminishes as 1= pDm2s1ð Þ.

The chemical shift anisotropies (CSA) and dipolar couplings in
the solid state also play an important role in the detection of J-
couplings. In a simple Hahn echo experiment, a coupled two spin
system in the solid state and the fast MAS limit [29] behaves iden-
tical to that of solution state NMR [30] where

jmRj > jdDm=2pJj; jDmisoj: ð10Þ
Here mR is the spinning frequency, d=2p is the instantaneous dipole-
dipole coupling frequency, Dm is the difference in the instantaneous
chemical shift frequencies, J is the scalar coupling frequency and
Dmiso is the difference in the isotropic chemical shift frequencies of
the connected nuclei. On the other hand, under moderate MAS
speeds [29],

jDmisojKjDmansioj < jmRj < jdDm=2pJj; ð11Þ
the coupled spins mostly remain within a weak coupling limit
because the CSA ensures that the instantaneous chemical shifts of
the coupled spins are different for most of the time even when
the two spins have identical isotropic chemical shifts. In Eq. (11),
Dmansio is the differences in the anisotropic part of the instantaneous
chemical shift frequencies.

Because of the disordered network in silicate glasses, there is a
distribution of isotropic chemical shifts, CSAs, and direct and indi-
rect dipolar couplings. The isotropic line widths range from 850 Hz
in the sodium silicate glass to 1740 Hz in the barium silicate glass.
The Qn anisotropic line shapes have spans ranging from 20 ppm for
Q4 and Q0 sites to 30–90 ppm for the other Qn sites [1,19,31,32]. At
9.4 T, this corresponds to an anisotropy that spans �1.5 kHz for Q4

and Q0 sites and 2.5 to 7.5 kHz for the other Qn sites. Thus, with
mR ¼ 14 kHz, we find that the majority of the coupled spin systems
in silicate glasses would reside within the moderate MAS condi-
tion, Eq. (11), and would result in echoes that are modulated by
J-coupling as cos pJtð Þ, i.e., the weak coupling limit.

The Jmodulations were measured in the natural abundance 29Si
PIETA echo train amplitudes for all the glass compositions in this
study except the lithium disilicate glass whose 29Si coherence life-
times were too short to observe any modulation. The J modulation
measurements used 2s1 values of 20 to 40 ms to minimize any sinc
function variation of the J splitting.

The modulated echo train amplitudes are modeled using the
expression proposed by Srivastava et al. [2],

S t1ð Þ ¼ A exp � kt1ð Þb
h i

� 1� Pð Þ þ P exp �1
2
p2t21r

2
J

� 	
cos pt1lJ

� �� �
; ð12Þ

where P ¼ 0:1273 is the fraction of 29Si experiencing a geminal J
coupling and lJ and rJ are the mean and standard deviation of a

Gaussian distribution of the geminal 2JSi�O�Si couplings present in
the glass. Least-squares fits of the echo top amplitudes to Eq. (12)
4

are shown as the solid blue line in Fig. 2 with corresponding resid-
uals shown as solid blue lines below each plot. The best-fit param-
eters are given in Table 3. To highlight the J coupling modulation
behavior contained in the small fraction (12.73%) of the total echo
amplitude, we plot the values predicted using Eq. (3) with the
best-fit amplitude, i.e., A 1� Pð Þ, decay constant, k, and Kohlrausch
exponent, b, in green dashed lines. More illustrative, however, are
the differences between values predicted using Eq. (3) and the
experimental echo amplitudes, shown as the green dashed lines
below each plot, and where the Jmodulations are more clearly seen.
The mean 29Si geminal 2JSi�O�Si couplings obtained are in good
agreement with previously reported results for Q3 species obtained
in isotopically enriched samples [15]. The mean lJ and rJ values in
Table 3 for each glass composition were used as constants in least-
squares fits of other PIETA signals to Eq. (12) as a function of MAS
speed, mR, and p-pulse spacing, 2s1. These results are summarized
in Table 4.

Additionally, we measured the PIETA signal for all glass compo-
sitions under static conditions. These echo amplitude decays were
fit to Eq. (3) and are summarized in Table 5.

3. Results

We obtain a 29Si MAS-PIETA FWHM of 0:100 Hz in Table 3 using
the best-fit parameters to Eq. (12) for silica glass as measured by
Srivastava et al. [2]. As noted [2], this particular glass had a blue
tint after doping with CoO at levels estimated to be below
100 ppm. Given the few NMR active nuclei in silica glass, this
FWHM is attributed to paramagnetic relaxation and serves as a
lower limit for comparison to the network-modified silicate
glasses.

In Fig. 3A and 3B are selected 29Si PIETA FWHM values of the sil-
icate glasses in this study measured under static and MAS condi-
tions, respectively, and plotted against the mean magnitude of
the network modifier cation nuclear magnetic dipole moments,
weighted by their natural abundance, that is,

lI



 

� � ¼ X
pk lI;k




 


; ð13Þ

where pk is the natural abundance of the kth isotope for the
element.

The 29Si static-PIETA FWHM values in Fig. 3A are all obtained
using a p-pulse spacing of 2s1 ¼ 1 ms. There is a marked rise in
the 29Si static-PIETA FWHM for the higher mean nuclear magnetic
dipole moment magnitudes, suggesting that the heteronuclear
dipolar coupling is the primary factor in determining the p-pulse
echo train decay in those cases. The FWHM of the glasses with
lower mean nuclear magnetic dipole moment magnitudes are
roughly constant at Kstatic � 25 Hz. These lower FWHM values are
consistent with the coherence lifetimes dominated by homonu-
clear 29Si-29Si dipolar couplings, which the p-pulse train cannot
refocus.

To obtain the range of homonuclear dipolar couplings between
29Si nuclei, we take the probability distribution of 29Si distances as
given by

p rð Þ ¼ 3
rs

r
rs

� 	2

e� r=rsð Þ3 ;

where rs is the Wigner-Seitz radius, defined by

4
3
pr3s ¼ 1

qn
;

and qn is the number density of 29Si nuclei per unit volume in the
sample, given by



1 These values correspond to 4:1 Hz for Li, 1:8 Hz for Na, 0:75 Hz for K, 0:25 Hz for
Ca, and 0:32 Hz for Ba.

Fig. 2. Plots of the 29Si MAS-PIETA echo top amplitudes as a function of echo time for glass compositions (A) 33Na:67Si⁄, (B) 33 K:67Si⁄, (C) 40Ca:67Si⁄ and (D) 33Ba:60Si⁄.
Solid blue lines are the best-fit curve obtained from a least-squares analysis of the experimental data with Eq. (12). The corresponding residuals are shown as solid blue lines
below each plot. The dashed green lines represent the predicted curve from Eq. (3), i.e., without Jmodulation, using the amplitude, A 1� Pð Þ, decay constant, k, and Kohlrausch
exponent, b, obtained from the best fit to Eq. (12) in Table 3. The dashed green lines below each plot show the difference between the experimental amplitudes and those
predicted from Eq. (12).

Table 3
Best fit parameters from a least-squares analysis of 29Si MAS-PIETA echo amplitudes of alkali and alkaline-earth silicate glasses using Eq. (12) in a system with P ¼ 12:73% of the
spins involved in a weak geminal J coupling. Here mR is the spinning frequency, 2s1 is the spacing between p pulses, lJ and rJ are the mean and standard deviation of the J
coupling distribution, k�1 is the inverse echo train decay time constant, b is the Kohlrausch exponent, and v2

m is the reduced chi-square. The FWHM, K, is obtained from a
numerical Fourier transform of Eq. (3) using the best-fit parameters k and b. Compositions marked with an asterisk are doped with 8 mmol/mol of CoO.

Sample mR/kHz 2s1/ms lJ /Hz rJ/Hz k�1/ms b v2
m K/Hz

SiO�
2 from Ref. [2] 14.286 40 12:51� 0:06 4:55� 0:06 967� 4 0:55� 0:001 2.5 0:100� 0:001

33K:67Si⁄ 14 40 5:3� 0:4 2:0� 0:4 136� 10 0:56� 0:03 1:50 0:75� 0:06
33Na:67Si⁄ 14 20 5:2� 0:3 2:0� 0:3 84� 4 0:65� 0:02 0:37 1:8� 0:1
33Ba:67Si⁄ 14 40 5:1� 0:6 3:9� 0:6 223� 20 0:51� 0:02 1.22 0:34� 0:03
40Ca:60Si⁄ 14 40 4:2� 0:5 3:6� 0:5 527� 20 0:62� 0:01 0:75 0:26� 0:01
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qn
29Si
 � ¼ f 29Si

 �
nSi

nGlass

NAq
M

: ð14Þ

Here, f 29Si
 �

is the 29Si abundance, NA is the avogadro constant,M is
the molar mass for a given chemical composition, nSi is the stoi-
chiometry of silicon in the chemical composition, nGlass is the stoi-
chiometry of the glass in the chemical composition, and q is the
mass density. This distance distribution peaks at rmode � 0:874rs.
Using the glass densities, given in Table S4, the predicted 29Si
homonuclear dipolar couplings give static-PIETA FWHM values that
are consistent with the values observed in Fig. 3A for the potassium,
barium, and calcium silicate glasses.

With moderate MAS speeds these 29Si homonuclear dipolar
couplings are removed, and a more linear correlation between
29Si MAS-PIETA FWHM and mean nuclear magnetic dipole moment
magnitudes is obtained. This is illustrated in Fig. 3B, where the
5

smallest 29Si MAS-PIETA FWHM values from each (Co-doped) glass
composition in Table 4 are plotted as a function of mean nuclear
magnetic dipole moment magnitudes.1 Under MAS conditions, the
29Si echo train coherence lifetimes are limited by the heteronuclear
dipolar couplings to the abundant NMR active nuclei of the alkali
cations.

The 29Si MAS-PIETA FWHM in the alkaline earth silicate glasses
are closest to the value obtained for pure silica glass. This similarity
is because the NMR active isotopes of the alkaline earth cations are
lower in abundance and have lower magnitude magnetic dipole
moments than the alkali cations. For example, the only NMR active
calcium isotope, 43Ca, has a natural abundance of 0:135% and a



Table 4
Best fit parameters of 29Si MAS-PIETA echo amplitudes under MAS obtained using Eq. (12) with P ¼ 12:73%, for selected alkali and alkaline earth silicate glasses, except the
33Li:67Si⁄ composition which was obtained using Eq. (3). Here mR is the spinning frequency, 2s1 is the spacing between p pulses, necho represents the number of echoes collected,
n/ is the number of phases used in the PIETA measurement, k�1 is the echo train decay time constant, b is the stretch exponent, and v2

m is the reduced chi-square of the fit. In the
fits to Eq. (12), the values for lJ and rJ were locked to the corresponding values in Table 3. Values of pure silica glass were taken from Ref. [2] for comparison (with P ¼ 14:4%).
The FWHM is obtained from a numerical Fourier transform of Eq. (3) using the best-fit parameters k and b. Compositions marked with an asterisk are doped with 8 mmol/mol of
CoO.

Sample mR/kHz 2s1/ms k�1 /ms b v2
m K/Hz

33Li:67Si⁄ 3:5 8 8� 2 0:60� 0:06 1.16 16� 4
33Li:67Si⁄ 7 8 20� 2 0:62� 0:03 0:87 6:8� 0:7
33Li:67Si⁄ 14 8 38� 2 0:66� 0:02 2:33 4:1� 0:2

33Na:67Si⁄ 3:5 16 28� 6 0:54� 0:04 1.26 3:3� 0:7
33Na:67Si 7 40 54� 5 0:60� 0:02 1.47 2:3� 0:2
33Na:67Si⁄ 7 20 58� 4 0:60� 0:02 0.51 2:1� 0:2
33Na:67Si⁄ 7 16 63� 3 0:64� 0:02 0.64 2:3� 0:1
33Na:67Si⁄ 14 60 77� 10 0:69� 0:05 1.35 2:3� 0:3
33Na:67Si⁄ 14 40 70� 8 0:63� 0:03 1.38 2:0� 0:2
33Na:67Si⁄ 14 20 84� 3 0:65� 0:01 0.35 1:8� 0:06
33Na:67Si⁄ 14 16 89� 4 0:67� 0:02 0.45 1:8� 0:1
33Na:67Si⁄ 14 10 80� 4 0:63� 0:02 1.53 1:8� 0:1
33Na:67Si⁄ 14 4 57� 2 0:58� 0:02 0.67 2:0� 0:1
33Na:67Si⁄ 14 2 43� 2 0:57� 0:02 0.60 2:5� 0:1

33K:67Si⁄ 3:5 40 68� 20 0:58� 0:06 0:92 1:7� 0:5
33K:67Si⁄ 7 40 90� 10 0:59� 0:03 0:87 1:3� 0:2
33K:67Si⁄ 14 40 135� 10 0:56� 0:02 0:84 0:75� 0:06

40Ca:60Si⁄ 3.5 40 496� 30 0:61� 0:03 0.83 0:26� 0:02
40Ca:60Si 7 800 650� 200 0:52� 0:05 1.05 0:13� 0:06
40Ca:60Si⁄ 7 40 513� 20 0:63� 0:02 0.91 0:28� 0:01
40Ca:60Si⁄ 14 160 495� 40 0:60� 0:02 1.09 0:25� 0:02
40Ca:60Si⁄ 14 40 527� 10 0:62� 0:01 0.85 0:257� 0:005
40Ca:60Si⁄ 14 20 417� 10 0:63� 0:01 1:68 0:338� 0:008
40Ca:60Si⁄ 14 10 278� 9 0:57� 0:02 0:59 0:39� 0:01
40Ca:60Si⁄ 14 4 143� 2 0:57� 0:01 0:33 0:75� 0:01

33Ba:67Si⁄ 3.5 40 195� 20 0:49� 0:03 0.82 0:33� 0:04
33Ba:67Si⁄ 7 120 230� 40 0:50� 0:03 1.43 0:31� 0:04
33Ba:67Si⁄ 7 40 220� 20 0:50� 0:03 1.02 0:32� 0:03
33Ba:67Si⁄ 7 20 212� 7 0:56� 0:01 1.12 0:48� 0:02
33Ba:67Si⁄ 14 40 237� 20 0:52� 0:02 1.35 0:34� 0:03

Table 5
Best fit parameters from a least-squares analysis of 29Si PIETA echo amplitudes in static samples of alkali and alkaline earth silicate glasses obtained using Eq. (3). Here, 2s1 is the
spacing between p pulses, necho represents the number of echoes collected, n/ is the number of phases used in the PIETA measurement, k�1 is the echo train decay time constant, b
is the stretch exponent, and v2

m is the reduced chi-square of the fit. The FWHM is obtained from an analysis of the numerical Fourier transform of Eq. (3) using the best-fit
parameters. Compositions marked with an asterisk are doped with 8 mmol/mol of CoO.

Sample 2s1/ms k�1 /ms b v2
m K/Hz

33Li:67Si⁄ 2 0:3� 0:7 0:49� 0:2 0.82 220� 200
33Li:67Si⁄ 1.4 0:4� 0:1 0:48� 0:04 0.94 153� 40
33Li:67Si⁄ 1 1:3� 0:2 0:63� 0:05 0.98 108� 20
33Li:67Si⁄ 0.6 2:1� 0:2 0:67� 0:03 1.02 78� 7
33Li:67Si⁄ 0.2 3:4� 0:1 0:74� 0:02 0.71 59� 2

33Na:67Si⁄ 2 1� 0:4 0:52� 0:06 0.93 81� 40
33Na:67Si⁄ 1 3:3� 0:4 0:67� 0:05 0.54 49� 6
33Na:67Si⁄ 0.6 4:2� 0:4 0:73� 0:05 0.63 46� 4
33Na:67Si⁄ 0.2 4:2� 0:2 0:74� 0:04 0.24 48� 2

33K:67Si⁄ 1 6:5� 0:4 0:70� 0:03 0.90 28� 2

40Ca:60Si 6 13� 1 0:91� 0:05 1.55 22� 2
40Ca:60Si⁄ 4 12:9� 0:8 0:88� 0:04 1.44 21� 1
40Ca:60Si⁄ 2 12:3� 0:5 0:89� 0:03 2.07 22� 1
40Ca:60Si⁄ 1 9:0� 0:3 0:84� 0:03 1.88 28� 1
40Ca:60Si⁄ 0.6 7:7� 0:2 0:81� 0:03 0.76 31� 1
40Ca:60Si⁄ 0.2 4:1� 0:1 0:76� 0:03 0.40 51� 1
33Ba:67Si⁄ 1 9:6� 0:3 0:81� 0:02 2.12 24:5� 0:8
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magnetic dipole moment that is 2.5 times smaller in magnitude
than 7Li.

Fig. 4 is a plot of the 29Si MAS-PIETA FWHM for the (Co-doped)
glasses as a function of rotor period. For the lithium, sodium, and
potassium silicate glasses, we observe an approximately linear
relationship between the rotor period and the 29Si FWHM. In con-
6

trast, the 29Si MAS-PIETA FWHM values in the alkaline earth sili-
cate glasses (barium and calcium) are invariant to rotor period,
i.e., beyond a much lower spinning frequency threshold required
to eliminate the homonuclear 29Si-29Si dipolar couplings. We can
approximate the trend in FWHM with rotor period at a constant
p-pulse spacing as given by



Table 6
Best fit parameters from a least-squares analysis of the 29Si MAS-PIETA FWHM values
in Fig. 4 using Eq. (15).

Sample 2s1/ms bR/(Hz/s) KR;0/Hz

33Li:67Si⁄ 8 41;800� 7500 1:1� 0:6
33Na:67Si⁄ 16 7000� 1500 1:3� 0:2
33K:67Si⁄ 40 5700� 1600 0:35� 0:14

Fig. 3. The 29Si PIETA FWHM values of alkali and alkaline-earth silicate glasses in
this study under (A) static and (B) MAS (mR ¼ 14kHz) conditions versus the mean
magnitude of the network modifier nuclear magnetic dipole moments in units of
nuclear magnetons. The p-pulse spacing in static sample measurements shown
above is 2s1 ¼ 1 ms. For the spinning samples, the p-pulse spacing is 2s1 ¼ 8 ms for
33Li:67Si⁄, 2s1 ¼ 16 ms for 33Na:67Si⁄; and 2s1 ¼ 40 ms for 33 K:67Si⁄, 33Ba:67Si⁄

and 40Ca:60Si⁄.

Fig. 4. The 29Si MAS-PIETA FWHM values for alkali and alkaline earth silicate
glasses in this study as a function of the rotor period sR. The 2s1 periods used for p-
pulse echo train acquisition for each composition are 8 ms for 33Li:67Si⁄ (circles),
16 ms for 33Na:67Si⁄ (squares); and 40 ms for 33K:67Si⁄ (triangles), 33Ba:67Si⁄

(inverted triangles) and 40Ca:60Si⁄ (diamonds). Solid lines where obtained from
least-squares fits of FWHM values to Eq. (15).
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7

KMAS sRð Þ ¼ bR sR þKR;0: ð15Þ

The solid lines in the plot are the best fits. The differences in the
intercept KR;0 likely arise from variations in paramagnetic doping
levels. As expected, glasses with modifier cations having larger
mean magnetic moments require faster spinning speeds to extend
29Si echo train lifetimes.

In the magnetically dilute alkaline earth silicates, as well as in
silica glass, the paramagnetic dopant plays the dominant role in
determining the 29Si MAS-PIETA FWHM. For comparison, a calcium
silicate glass composition was prepared without Co doping. Its 29Si
MAS-PIETA FWHM is 0:13 Hz, approximately half the width of the
same glass composition with Co doping, and nearly identical to the
29Si MAS-PIETA FWHM of silica glass.

In Fig. 5A and 5B are selected 29Si PIETA FWHM values of the sil-
icate glasses in this study measured under static and MAS condi-
tions, respectively, as a function of the p-pulse spacing. Due to
the rf inhomogeneities, it is impossible to have a refocusing pulse
that is perfect for all spins. Therefore, with every p pulse, a portion
of the magnetization will not be refocused, leading to a broadening
of the Fourier transform of the echo train. This effect becomes
more significant with increasing pulse rates and is more evident
for longer-lived magnetizations, as is visible in Figs. 5 when com-



Fig. 5. The 29Si PIETA FWHM values of silicate glasses in this study under (A) static
and (B) MAS (mR ¼ 14 kHz) conditions as a function of the p-pulse spacing 2s1. Glass
compositions are 33Li:67Si⁄ (circles), 33Na:67Si⁄ (squares) and 40Ca:60Si⁄ (dia-
monds). The solid lines represent the best fit curves from a least-squares fit of the
29Si PIETA FWHM to Eq. (17). The dashed line represents the curve from the best fit
of the 33Li:67Si⁄ 29Si PIETA FWHM to Eq. (22).
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paring the FWHM of sodium and lithium silicate glasses to those of
the calcium silicate glass. The loss of coherence due to p pulse
angle missetting and rf inhomogeneities can be approximated as
an additional exponential decay, leading to an inverse dependence
of the FWHM on the p-pulse spacing, given by

K� 2s1ð Þ ¼ cp
2s1

: ð16Þ

This contribution becomes the dominant broadening mechanism in
the limit of short 2s1 values. Note that the cp coefficient is a func-
tion of the rf homogeneity of the probe rather than the sample.
Thus, we approximate the FWHM at a constant MAS speed as a
sum of contributions, neglecting the line shape effects of any Kohl-
rausch exponent variation, as given by

Kp 2s1ð Þ ¼ bp2s1 þ cp
2s1

þKp;0; ð17Þ

In the static measurements, Kp;0 is determined by the dephasing
due to the homonuclear 29Si dipolar couplings, as previously men-
tioned. In the case of MAS, we attribute Kp;0 to paramagnetic relax-
ation enhancement, in analogy to KR;0, and note the good agreement
of these two values obtained for the sodium silicate glass. Best-fit
8

parameters for Eq. (17) are given in Table 7. Fig. 5 shows the
obtained fits as solid lines through the measured data.

4. Discussion

Based on the results of the previous section, we conclude that
paramagnetic relaxation dominates the 29Si MAS-PIETA FWHM in
the magnetically dilute alkaline earth silicate glasses. On the other
hand, the heteronuclear dipolar couplings to the abundant NMR
active nuclides in the alkali cations dominate the 29Si MAS-PIETA
FWHM in the alkali silicate glasses. Since MAS-PIETA is capable
of removing both incoherent and coherent mechanisms involving
the heteronuclear dipolar couplings, we begin by investigating
whether the fluctuating heteronuclear dipolar couplings to the
NMR active nuclides in the alkali cations can be responsible for
these larger 29Si FWHM values.

4.1. 29Si T2 dipolar relaxation models and regimes

Fluctuations in the heteronuclear dipolar coupling between 29Si
and the NMR active nuclei of the modifier cations can arise through
(1) time-dependent variations in the internuclear distance vector
between the 29Si and the modifier cation nuclei, and (2) time-
dependent variations in the nuclear spin state of the modifier
cation. The former is the result of modifier cation mobility. The lat-
ter can result from a combination of modifier cation mobility and
spin-lattice relaxation time of the modifier cation nucleus; e.g., if
different sodium cations hop in and out of a site near a given
29Si, part of the heteronuclear dipolar coupling fluctuations result
from the random nuclear spin states, i.e., mI ¼ �3=2;�1=2;1=2,
and 3=2, of the different sodium cations occupying into the site.
In the absence of significant modifier cation mobility, the nuclear
spin states of a fixed modifier cation will change due to the nuclear
spin-lattice relaxation of the modifier cation.

The inverse of the heteronuclear dipolar coupling constant, d�1,
given by

d�1 ¼
ffiffiffiffiffiffi
4
15

r
l0

4p
�hcIcS
r3

� 	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S Sþ 1ð Þ

p" #�1

; ð18Þ

gives us an approximate limit for determining whether the correla-
tion time for the dipolar fluctuations falls in the motional narrowing
regime (sc � d�1) or in the slowmotion regime (sc 	 d�1). In Table 8
are the nearest-neighbor heteronuclear dipolar coupling distances
between silicon and modifier cations approximated using
Shannon-Prewitt radii [33] along with corresponding d and d�1 val-
ues. Also given in Table 8 are the nearest-neighbor homonuclear
coupling between the given alkali cation nuclei using distances esti-
mated from analogous crystalline compounds.

4.1.1. Random fluctuations of internuclear distances
To obtain the expected correlation times due to modifier cation

diffusion in the glass, we use a simple random walk and diffusion
model where the jump rate for alkali ions is given by

1
sc

¼ 6D=C2: ð19Þ

Here D is the self-diffusion coefficient and C is the jump length. The
jump length can be set to C ¼ rM�M using values taken from Table 8.
For example, sodium diffusion coefficients on the order of 10�15 to
10�16 cm2/s are obtained in sodium silicate glasses using values for
D� from tracer diffusion measurements [34,35], measured at 300 �C
and higher, and extrapolated to room temperature using measured
activation energies. Alternatively, one can use electrical conductiv-



Table 7
Best fit parameters from a least-squares analysis of the 29Si MAS-PIETA FWHM values in Fig. 5 using Eq. (17). Values marked with ywere taken from the fits of 40Ca:60Si⁄ and held
constant.

Sample mR/kHz bp/(Hz/s) cp/(Hz/s) Kp;0/Hz

33Li:67Si⁄ 0 90� 4 6:2y 20y

33Na:67Si⁄ 0 24� 4 6:2y 20y

40Ca:60Si⁄ 0 – 6:2� 0:4 20� 1

33Na:67Si⁄ 14 0:014� 0:001 2:1y 1:42� 0:01

40Ca:60Si⁄ 14 – 2:1� 0:1 0:21� 0:01

Table 8
Nearest neighbor dipolar coupling parameters among relevant nuclei in the alkali and alkaline-earth silicate glasses in this study. Heteronuclear coupling distances are estimated
from Shannon-Prewitt radii [33], while homonuclear coupling distances are estimated from analogous crystalline compounds.

29Si–M dipolar coupling M–M dipolar coupling

Nucleus I rSi�M/Å d=2pð Þ/Hz d�1/ms rM�M/Å md/Hz m�1
d /ms

7Li 3/2 3.55 207.5 4.82 2.6 1032 0.969
23Na 3/2 3.95 102.6 9.75 3.1 282 3.54
39K 3/2 4.38 13.3 75.31 3.6 5.6 178.0
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ities, r, which relate to the ionic diffusion coefficient according to
the Nernst-Einstein equation,

Dr ¼ f
rkBT
Nq2 ; ð20Þ

where kB is the Boltzmann constant, T the temperature, N the num-
ber of charge carriers per volume unit, q the particle charge in Cou-
lomb and f a correction factor, which was set to 0.3 in this analysis
[34,35].

Substituting the range of sodium diffusion coefficients in Table 9
and a C ¼ 3:1 Å hop distance into Eq. (19) gives hopping
correlation times in the range of 0:016 s� 1:6 s. This range of val-
ues is greater than the value of d�1 ¼ 9:75 ms in Table 8 for the
29Si–23Na heteronuclear dipolar coupling. Thus, the correlation
time of heteronuclear dipolar coupling fluctuations from sodium
diffusive motion at room temperature are well within the slow
motion regime. Similar calculations performed for other alkali
cations in these silicate glasses lead to the correlation times given
in Table 9. Again, on the basis of modifier cation diffusive motion at
room temperature, the heteronuclear dipolar coupling fluctuations
are well within the slow motion regime. Analysis of 7Li longitudi-
nal relaxation data by Göbel et al. [36] found a distribution of cor-
relation times in lithium disilicate glasses, with a maximum at
around 40 ms at room temperature, consistent with the range of
correlation times obtained from the diffusion coefficients in
Table 9.

In the slow motion regime, Vega’s expression [14] in Eq. (1), is
used to obtain the FWHM, given by

K � d2s2p
2psc

: ð21Þ

Substituting the correlation times in Table 9 into Eq. (21) gives the
estimates for the 29Si FWHM given in the last column of Table 9. The
predicted 29Si FWHM due to fluctuating 29Si–23Na heteronuclear
dipolar couplings under MAS at a speed of 14 kHz, based on the
range of sc values in Table 9, are significantly smaller than the
observed range of 1:8 Hz� 3:3 Hz in Table 4. Similarly, FWHM pre-
dictions due to 29Si–7Li heteronuclear dipolar coupling fluctuations
are orders of magnitude smaller than the observed range of
4:1 Hz� 16 Hz in Table 4.

It should be noted that diffusion in a restricted region due to
isolated ions or ion clusters can result in no net translational diffu-
sion but still be a source of fluctuating heteronuclear dipolar cou-
9

plings. However, the concentration of these isolated ions or ion
clusters is small in a disilicate glass composition, as most ions par-
ticipate in percolating channels [37–39].

4.1.2. Random fluctuations of nuclear spin states
Spin lattice relaxation of the NMR active modifier cation nuclei,

causing fluctuations of modifier cation nuclear spin states, can also
be a possible source of 29Si heteronuclear dipolar fluctuations.
Measured 23Na and 7Li T1 relaxation times in the corresponding
network modified silicate glasses are given in Table 2. These are
in good agreement with results reported in the literature [40,36].
The 23Na relaxation times are one order of magnitude shorter than
those for 7Li and is likely due to the larger magnitude of the 23Na
nuclear electric quadrupole moment. It is also consistent with pre-
vious findings that the 7Li and 23Na spin-lattice relaxation arise pri-
marily from fluctuating local electric field gradients at room
temperature [41]. While the spin-lattice relaxation times of 39K
were not measured, the magnitude of its nuclear quadrupole
moments is similar to 7Li. Thus, we expect the 39K spin-lattice
relaxation times to also be on the order of 1 s.

Taking these nuclear spin-lattice relaxation times of the alkali
cation nuclei as the correlation times, sc , for the fluctuations in
the heteronuclear dipolar couplings with 29Si places this relaxation
mechanism in the slow-motion regime. Substituting these sc val-
ues into Eq. (21) gives 29Si MAS-PIETA FWHM values (not shown)
that are orders of magnitude smaller than the values observed
for the alkali silicate glasses in Table 4.

Thus, we conclude that fluctuating heteronuclear dipolar cou-
plings arising from either diffusion or alkali nuclear spin relaxation
are not responsible for the 29Si FWHM values in the alkali silicate
glasses.

4.2. Residual dipolar broadenings

After eliminating all possible mechanisms arising from incoher-
ent processes, we turn our attention to coherent processes, focus-
ing on the heteronuclear dipolar coupling between 29Si and the
alkali cation nuclei, as causing the decay of the 29Si p-pulse echo
train. While a heteronuclear dipolar coupling of a 29Si to an isolated
alkali cation nucleus will be completely averaged away by MAS or
a p-pulse train, this will not be the case when a 29Si is coupled to
alkali cation nuclei with strong homonuclear couplings among
themselves.



Table 9
Correlation time, sc , estimates for the modifier cations interstitial jumps based on ionic diffusion coefficients D of disilicate glasses. Here, D� refers to diffusion coefficients
obtained from tracer diffusion measurements, and Dr is calculated from electrical conductivity measurements. Diffusion data is taken from Handbook of Glass Properties [34] by
Doremus. The KMAS values are estimated using Eq. (21) at a spinning speed of 14 KHz.

M D�/(cm2/s) Dr/(cm2/s) C/Å sc KMAS

Li+ 10�15 10�14–10�15 2.6 11 ms–113 ms 0.31 mHz–3.2 mHz

Na+ 10�15–10�16 10�14–10�15 3.1 16 ms–1.6 s 5.3 lHz–530 lHz

K+
10�15 10�15 3.6 216 ms 0:66 nHz
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Maricq and Waugh [12] recognized that a three spin system,
S-I1-I2, has a rotating-frame Hamiltonian that does not commute
with itself at all times under MAS or a p-pulse train; and showed
that this homogeneous interaction will not fully average away at
finite MAS or p-pulse rates. Using Average Hamiltonian Theory
(AHT), Maricq and Waugh further showed that the FWHM of the
S spin under MAS will decrease linearly with decreasing MAS per-
iod. This is consistent with our observations of the 29Si MAS-PIETA
FWHM values as a function of rotor period in Fig. 4.

In the case of static samples, our observation is that the 29Si
PIETA FWHM values decrease linearly with decreasing p-pulse
spacing as indicated by the best-fit solid lines in Fig. 5A for the
33Li:67Si⁄ composition at longer 2s1 spacings. This result, how-
ever, is inconsistent with a simple AHT explanation which ignores
finite pulse effects and predicts that both the zeroth- and first-
order AHT contributions vanish in any symmetric sequence, i.e.,bH 0þ tð Þ ¼ bH sp � t

 �
[42,43], which is the case for a p-pulse train

leading up to the acquisition of even echoes. In this situation, the
leading (second-order) contribution in the AHT expansion predicts

that the FWHM is proportional to 2sð Þ2. However, a best fit of the
29Si PIETA FWHM values of the 33Li:67Si⁄ composition in Fig. 5A to

a 2sð Þ2 dependence, i.e.,

Kp 2s1ð Þ ¼ bp 2s1ð Þ2 þ cp
2s1

þKp;0; ð22Þ

shown as a dashed line, gives worse agreement than the 2s depen-
dence. We speculate that finite p pulse widths (� 15 ls) and rf
inhomogeneities spoil the averaging symmetry of the p-pulse train
and lead to a reintroduction of the zeroth-and first-order AHT con-
tributions [44]. Additionally, the shifting phase between adjacent p
pulses in the PIETA sequence, instead of the unchanging p pulse
phases in CPMG, may further lead to this loss of averaging symme-
try. In either case, we would expect that these effects should dimin-
ish with shorter p pulse lengths at higher rf field strengths.

In the case of MAS, our observation is that the 29Si MAS-PIETA
FWHM values decrease linearly with decreasing p-pulse spacing
as observed in the best-fit solid line for the 33Na:67Si⁄ composi-
tion in Fig. 5B at longer 2s1 spacings. The combined effect of
MAS and a p-pulse train can be analyzed using a second averaging
approach [43]. In this approach, the first average is calculated over
the shorter rotor period, and the second average is calculated over
the longer p-pulse period. While this approach predicts that resid-
ual heteronuclear dipolar coupling goes to zero in the simple case
of the S� I1 � I2 system, this will not be true when the heteronu-
clear dipolar coupling is to a bath of homonuclear coupled nuclei
[45,46]. Unfortunately, a second average calculation in the latter
case is particularly challenging. Prior to Maricq and Waugh, Kesse-
meier and Norberg [47] found a linear dependence of the trans-
verse magnetization decay with the spinning speed in a spin
system of 31P nuclei coupled to a bath of 27Al. A linear dependence
on MAS speeds has also been observed in proton linewidths
[48,49], and has also been found to affect the coherence lifetime
of 29Si through a train of p pulses during MAS [50,51]. Similarly,
Hahn echoes and, more practically, a p-pulse train are also known
to refocus these interactions with increasing efficiency for decreas-
10
ing p-pulse spacing [52]. Thus, our findings that the reduction in
the 29Si FWHM of the echo train of Q3 sites in the silicate glasses
with increasing MAS and p-pulse train rates, as measured in this
study, are consistent with previous work. At the fastest spinning
speeds, the 29Si FWHM values approach the values measured in
the calcium silicate glass where relaxation is mainly mediated by
the presence of paramagnetic impurities.
4.3. J couplings

The ability to measure J couplings accurately will require 29Si
MAS-PIETA FWHM values that are, ideally, an order of magnitude
smaller than the J coupling, i.e., a FWHM of � 0:5 Hz, which is
twice the width introduced by paramagnetic impurities. Based on
the results of this study, it is possible to measure J coupling distri-
butions using moderate MAS speeds in all alkali silicate glasses
except the lithium silicates, where MAS speeds above 100 kHz
would be needed to obtain a FWHM of 1.5 Hz. Additionally, we
note that the intercepts for the sodium and lithium silicate glasses
in Table 6 would suggest FWHM lower limits of KMAS ¼ 1:3 Hz and
KMAS ¼ 1:1 Hz, respectively, highlighting the importance of avoid-
ing paramagnetic impurities for an accurate determination of J
couplings.

Finally, we turn our attention to the geminal 2JSi�O�Si couplings
in Table 3, noting that there is a decrease by over a factor of two in
the mean 2JSi�O�Si values in going from pure silica, i.e., all Q4–Q4

linkages, to the network modified silicate glasses, i.e., from
12:5 Hz to � 4 to 5 Hz. From first-principles DFT calculations on
model disilicate clusters, Srivastava et al. [5] found that the gemi-
nal 2JSi�O�Si coupling across a 29Si-O-29Si linkage approximately
follows

2JSi�O�Si / a2Sii a
2
Sij
a4O ¼ a2Sii a

2
O

� �
a2Sij a

2
O

� �
; ð23Þ

where (a2
Sii
a2
O) and (a2

Sij
a2O) are the products of the s-character of the

valence hybrid-type orbitals (HTO) associated with the Si ið Þ–O and

Si jð Þ–O bonds across Si ið Þ-O-Si jð Þ linkage, respectively.
In a Q4 environment, the s-character of each of the four valence

HTOs on silicon is 25% as all Si–O bonds have the same length. For
silicon in a Q3 environment, however, the Si–O bond with a non-
bridging oxygen (NBO) is shorter than the other three Si–O bonds
with bridging oxygens (BO) [19,39]. This shortening of the Si–NBO
bond leads to a corresponding increase in its silicon HTO s-
character above 25% and a correlated s-character decrease below
25% in the remaining three silicon HTOs involving the Si–BO—the
sum of the four s-characters must remain 100%. Thus, the observed
decrease in 2JSi�O�Si in the network-modified silicate glasses rela-
tive to silica glass is not surprising as this decrease in the s-
character of the Si–BO HTO with the addition of each NBO in a
Qn environment leads to a decrease in the 2JSi�O�Si coupling through
the Si–BO bonds as n decreases from 4.

It is noteworthy that the larger variance in the J coupling distri-
butions of the alkaline earth silicate glasses is consistent with
greater structural disorder from network modifier cations of high
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cation potential. That is, the modifier cations Ca2+ and Ba2+ lead to
an increase in the disproportionation reactions

2Qn�Qn�1 þ Qnþ1; ð24Þ
and

2Q0�2Q1 þ O2�; ð25Þ
in the melt from which the glass was formed and therefore more
disorder is expected in the types of anionic species present in the
glass [53–55,32,32,19].

5. Conclusions

We have found that the nuclear spin characteristics of modifier
cations in silicate glasses play a significant role in determining 29Si
MAS-PIETA coherence lifetimes, causing orders of magnitude
changes depending on the modifier cation identity. In glass compo-
sitions with abundant NMR active nuclei, such as the alkali silicate
glasses, we show that the 29Si MAS-PIETA coherence lifetime is
dominated by coherent dephasing due to residual heteronuclear
dipolar couplings. In this case, we observe a near-linear decrease
in the residual broadenings with increasing MAS speed and p-
pulse train rate, although rf inhomogeneities often limit p-pulse
trains as an effective averaging technique at the higher p-pulse
train rates. With increasing MAS speeds the residual 29Si heteronu-
clear dipolar couplings in the alkali silicate glasses are eventually
removed, leaving the 29Si MAS-PIETA coherence lifetimes limited
by incoherent dephasing due to paramagnetic impurities. In glass
compositions dilute in NMR active nuclei, such as the alkaline
earth silicate glasses, the 29Si MAS-PIETA coherence lifetimes are
considerably longer and limited only by incoherent dephasing
due to paramagnetic impurities. In this case, the coherence life-
times are generally unaffected by increasing MAS speed beyond a
low threshold speed of a few hundred hertz needed to remove
homonuclear 29Si-29Si dipolar couplings. In all glass compositions
in this study, any incoherent dephasing due to diffusive motion
of network modifier cations or nuclear relaxation of alkali cations
at room temperature is shown to be an inefficient 29Si relaxation
mechanism.

With sufficient reduction of residual heteronuclear dipolar cou-
plings, the 29Si MAS-PIETA signal can be analyzed to obtain the
2JSi�O�Si coupling distribution [2]. We measured the geminal
2JSi�O�Si coupling distribution parameters in the sodium, potassium,
calcium, and barium silicate glasses from the J-modulation of the
29Si PIETA signal. It was not possible to detect any J modulation
in the lithium silicate glass due to its short 29Si coherence lifetime
at the MAS rates (14 kHz) used in this study. Our results suggest,
however, that it may be possible to measure geminal 2JSi�O�Si cou-
plings in lithium silicate glass at MAS speeds approaching 100 kHz.

In short, a combination of high-power rf pulses and fast magic-
angle spinning can eliminate residual heteronuclear dipolar cou-
plings to other abundant NMR active nuclei, enabling (1) greater
29Si NMR sensitivity enhancements in silicate glasses using CPMG
and (2) more accurate measurements of 29Si J couplings in network
modified silicate glasses [15,2]. Conversely, differential 29Si MAS-
PIETA coherence lifetimes arising from residual heteronuclear
dipolar couplings at slower MAS speeds can also serve as sensitive
probes of variations in the local environment around silicon.
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