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Rapid acquisition of data dense solid-state CPMG NMR spectral 

sets using multi-dimensional statistical analysis 

H. E. Mason,
a
 E. C. Uribe

b
 and J. A. Shusterman

c 

The development of multi-dimensional statistical methods have been demonstrated on variable contact time (VCT) 
29

Si{
1
H} 

cross-polarization magic angle spinning (CP/MAS) data sets collected with Carr-Purcell-Meiboom-Gill (CPMG) type 

acquisition.  These methods utalize a transformation of the collected 2D VCT data set into a 3D data set and use tensor-

rank decomposition to extract the spectral components that are varying as a function of transverse relaxation time (T2) 

and CP contact time.  The result is a data dense spectral set that can be used to reconstruct CP/MAS spectra at any contact 

time with high signal to noise and with excellent agreement to 
29

Si{
1
H} CP/MAS spectra collected with conventional 

acquisition.  These CPMG data can be collected in a fraction of the time that would be required to collect a conventional 

VCT data set. We demonstrate the method on samples of functionalized mesoporous silica materials and show that the 

method can provide valuable surface specific information about their functional chemistry.         

1. Introduction 

Solid-state NMR holds exciting potential for structural and 

chemical determinations in a wide range of solid materials. 

However, for many nuclei acquiring data is often time 

consuming either due to the long relaxation delays required to 

obtain quantitative data, low abundance of NMR active nuclei, 

or limited sample amounts.  Intense research has been 

focused on methods that can reduce the time required to 

obtain solid-state NMR spectra. Of these, dynamic nuclear 

polarization (DNP) is a rapidly expanding area of research in 

solid-state NMR and in favourable cases enhancements can 

exceed hundreds of times that of standard NMR methods.  

Much work in this field has been focused on mesoporous silica 

due to both the challenges inherent with 
29

Si NMR, and the 

role these materials play in catalysis and separations 

technologies
1-4

. These DNP methods have shown great 

promise for characterizing these materials and have been 

shown to specifically probe the chemically active surface
5-8

.  

However, DNP NMR typically requires expensive magnet and 

probe upgrades. Despite advances in commercialization, DNP 

is far from being standard methodology in most chemistry 

labs.  Further, most methods also require the addition of 

radical containing solutions that may render precious samples 

useless for future chemistry experiments and may alter the 

chemistry at the surface. Much of our previous work on silica 

materials has focused on the chemical reactions that occur at 

these surfaces, and reaction with radicals could eliminate 

many of these signatures
9-14

. Further, such treatment may not 

be feasible in instances where the samples are acutely toxic, 

reactive, or radioactive.  

The addition of Carr-Purcell-Meiboom-Gill (CPMG) during 

the acquisition of solid-state NMR experiments can 

significantly reduce the time to acquire these data. The CPMG-

type acquisition collects the data as a refocused echo train 

that resamples the NMR free-induction decay (FID) numerous 

times during acquisition. By adjusting the number of echoes 

and their resampling frequency, a dramatic increase in the 

amount of signal that can be acquired during a solid-state 

NMR experiment can be obtained. The CPMG acquisition is 

beneficial since it is only a data collection procedure and 

requires no pre-processing of the material. This procedure, 

however, does have some significant limitations.  The largest 

limitation is that the signal decays during the CPMG acquisition 

via transverse relaxation (T2), so signals with longer relaxation 

rates will be represented disproportionately compared to 

those with fast rates. Therefore, quantitative information 

about the relative populations often cannot be adequately 

obtained with standard processing methods. Advanced 

processing methods have been identified to ameliorate these 

issues and can provide additional signal to noise 

enhancements. However, these methods often require 

complex modelling of the FID’s to achieve these results
15-19

. In 

amorphous systems or systems where the spin states are 

unknown such modelling is difficult. 

Our group has been exploring the use of chemometric 

methods for the model-free analysis of solid-state NMR data
9, 

13
. In the basic two-dimensional application, these methods 

identify spectral components that vary as a function of an 
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independent variable. In the instance of cross-polarization 

magic angle spinning (CP/MAS) experiments, the easiest 

parameter to vary is the CP contact time, but any 

independently varied parameter that changes the spectral 

features such as pulse delay or rotor period could be used. In 

the above studies, we could differentiate between the direct 

protonated silanol surface environment on the amorphous 

silica surface from that of deprotonated silanol and siloxane 

sites that were observed through 
1
H spin diffusion and identify 

the binding sites for paramagnetic metal species
9, 13

. Similar 

methods have also been utilized to extract unique and 

complex 
27

Al spectral components that were observed to 

change as a function of synthesis conditions in silicate 

minerals
20

. Beyond the choice of the number of components 

to use in the fitting procedure, these methods are model-free 

and can be used to fit complex spectral lineshapes in the 

absence of a model for their dynamics. Other methods such as 

CORE and SCORE all depend on initial models of the spectral 

dynamics and use brute force fitting of the data matrix to 

obtain unique spectral features
21-25

. These methods are 

commonly implemented in solution NMR studies and provide 

large increase in sensitivity and resolution. In this submission, 

we exploit the nature of the CPMG type acquisition that allows 

us to transform an initial two-dimensional data set into a data 

dense three-dimensional data set. This data set is 

subsequently used in a tensor-rank decomposition to extract 

the independently varying spectral components.  The method 

extracts important spectral dynamics in addition to reduction 

in noise from the data sets.  These methods reveal valuable 

information about the surface chemistry of mesoporous 

functionalized silica materials.  

2. Methods 

2.1 Materials 

The samples studied here were organically-modified 

mesoporous silica (SBA-15 type) materials. Spherical SBA-15 

mesoporous silica particles were synthesized using a 

hydrothermal synthetic method adapted from Katiyar et al
26

. 

Particle synthesis involved combination of a triblock copolymer 

(polyethylene glycol-polypropylene glycol-polyethylene glycol) 

with hexadecyl trimethylammonium bromide and trimethyl 

benzene in a weight ratio of 5:1:1.5 as structure directing 

agents in a mixture of 1.5 M HCl and ethanol heated to 35 °C. 

After obtaining homogeneity, tetraethyl orthosilicate was 

added and the solution heated to 80°C for 5 hours under static 

conditions, followed by heating in an oven at 120 °C. Particles 

were filtered and calcined at 550 °C for six hours. The 

mesoporous silica surface was functionalized post-synthesis 

using a surface polymerization method developed by Sander 

and Wise.
27

 After drying the silica under vacuum overnight, it 

was suspended in toluene and water was added 

stoichiometrically to achieve a surface coverage of 10 H2O 

molecules per square nanometer of silica surface. Ligands 

containing reactive ethoxysilane anchors were then added in a 

ratio of 6.25 molecules per square nanometer, and the 

solution refluxed for six hours followed by distillation to 110 °C 

to encourage further condensation of silane groups onto the 

surface. Functionalized particles were washed with toluene 

and isopropanol and stored in an evacuated desiccator. Two 

different types of organic ligand were used: a phosphonate, 

diethylphosphatoethyl triethoxysilane (DPTS) from Gelest, and 

a diglycolamide (DGA), a 4:1 mixture of N,N-(dipropyl)-

N′(methyl),N′(3-[trimethoxysilyl]propyl)-3-oxapentane diamide 

and N,N-(dipropyl)-N′(methyl),N′(3-

[monoethoxydimethoxysilyl]propyl)-3-oxapentane diamide 

from Technocomm, Ltd.  

2.2 NMR Measurements 

The 
29

Si{
1
H} cross-polarization magic angle spinning (CP/MAS) 

spectra of the DPTS sample were collected at a spinning rate of 

10 kHz on a 300 MHz TecMag Apollo console using a Bruker XY 

probe configured for 4 mm (o.d.) rotors. A variable contact 

time experiment was run by collecting spectra at 15 different 

contact times ranging from 0.5 to 15 ms using a CPMG type 

acquisition where a total of 100 echoes were collected at an 

echo spacing of 6 ms. A 10.5 µs excitation pulse was applied to 

the proton channel (νrf,H = 24 kHz). The same r.f. power was 

used for the 
1
H contact pulse. The 

29
Si contact pulse was 

matched at νrf,Si = 15 kHz and a 18 µs inversion pulse (νrf,Si = 28 

kHz) was used for 
29

Si in the CPMG train. The echo spacing was 

chosen such that the full echo was collected. Continuous wave 
1
H decoupling (νrf,H  = 42 kHz) was applied during acquisition of 

the echoes. Additionally, 
29

Si{
1
H} CP/MAS spectral sets for the 

DGA sample were collected using a Revolution NMR HX probe 

configured for 4 mm (o.d.) rotors on a 400 MHz Bruker Avance 

spectrometer using the same contact times, CPMG delays and 

number echoes used on the Apollo spectrometer. A 6.5 µs 

excitation pulse was applied to the proton channel (νrf,H = 38 

kHz). The same r.f. power was used for the 
1
H contact pulse 

and decoupling during echo acquisitions. The 
29

Si contact pulse 

was matched at νrf,Si = 19 kHz and 12 µs inversion pulse was 

used for 
29

Si in the CPMG train (νrf,Si = 42 kHz). All 
29

Si spectra 

were referenced with respect to tetramethylsilane (TMS) using 

a sample of the mineral kaolinite as an external chemical shift 

reference set to -92 ppm.  

2.3 Data Processing 

All data analyses were performed using custom written Python 

scripts. A sample data set collected on the Bruker Avance and 

a sample Python script are provided in the supporting 

information. Prior to analysis, the full complex CPMG free-

induction decays (FID) were split into individual echoes using 

the echo spacing defined in the pulse sequence. The real and 

imaginary data were interleaved resulting in a single real 

valued data set. This interleaved data was used to construct 

the full 3D data matrix used in the tensor-rank decomposition. 

A tensor-rank decomposition is like 2D matrix decomposition 

but generalized to higher dimensional data sets. In our case of 

a rank-three tensor (χ), the tensor rank decomposition finds 

the solution such that the tensor can be approximated by the 

sum of R outer products of three vectors a, b, and c with 

lengths equivalent to that of each of the three dimensions. 
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(1) 

A review of tensor decomposition methods is given in Kolda 

and Bader.
28

 A tensor-rank decomposition of the full 3D data 

set analysis was performed using the cp_als implementation 

included in the scikit-tensor Python package.
29 

The model was 

initialized using high-order singular value decomposition 

(HOSVD) rather than a random 3D matrix. The random matrix 

resulted in results that were not reproducible. This 

implementation of the tensor-rank decomposition requires a 

user determined choice of the number of components to be 

used in the fitting. The final number of components used to 

reconstruct the data was determined by increasing the 

number of components until one that represents majority 

noise is included in the result.  For the CP/MAS data sets, the 

number of components needed was two. After analysis, the 

extracted FID’s were recast into complex data sets, the echoes 

zero-filled evenly both forward and back, apodized using a 

sinebell function, and Fourier transformed.  To adjust for the 

loss of signal due to T2 relaxation, the signals were scaled 

according to extrapolations to zero time using least squares 

fitting of the T2 data to a single exponential decay. Phasing was 

accomplished by performing a magnitude transform on the 

spectral data. The loss in resolution due to the magnitude 

transform was negligible for the samples studied. The CP 

kinetics information was obtained by fitting the intensity 

variation as a function of contact time using a classical CP 

kinetics equation.
30

 

2.4 Error Analysis 

To assess the ability of the method to accurately 

reconstruct the true peak shapes, positions, and intensity 

variation as a function of contact time (CP kinetics), a best fit 

to the reconstructed data was obtained by deconvolving the 

reconstructed data obtained at a 3 ms contact time using a 

sum of pseudo-Voight lineshapes. The data at 3 ms was used 

since it had the best overall signal to noise for all the observed 

peaks in the direct CP data.  The positions and widths of the 

peaks were then fixed for subsequent fits of the direct CP 

collected data and the comparison spectra obtained from the 

CPMG reconstruction. Only the peak amplitudes could vary. 

The error bars on the integrated intensities were assessed 

by using a Monte Carlo error estimation method.  This method 

was chosen since the uncertainties in the NMR deconvolutions 

are low and depend heavily on values that were fixed by the 

user.  By allowing these values to vary at random, a truer 

estimate of the fitting uncertainty can be obtained. A similar 

procedure was used to estimate the uncertainty in fits of 

chemical shift anisotropy (CSA).
31

 The procedure uses the best 

fit parameters for each of the data sets as a starting point.  The 

difference between the best fit widths and positions for the 

direct CP and reconstructed CPMG spectra were first obtained. 

These differences were used as boundary conditions within 

which the peak widths and positions for each of the 6 peaks 

could be randomly assigned for subsequent fits to each of the 

4 spectra in both the direct CP and reconstructed CPMG data 

sets.  Further, the percent Gaussian characteristic of each peak 

was also allowed to randomly vary between 0 and 100 % since 

the choice of peak shape typically was left to user choice. This 

procedure was repeated 10 000 times for both the data sets 

and the errors were obtained as the standard deviation of the 

integrated intensities obtained from each fit.   

3. Results and Discussion 

The basic procedure is illustrated with a variable contact time 

(VCT) 
29

Si{
1
H} CP/MAS data collected for a DPTS functionalized 

mesoporous silica (Figure 1). All experimental data for this 

sample were collected on 10 mg of sample contained in an 

 

Fig. 1 Data derived from the tensor-rank decomposition of variable contact time 
29

Si{
1
H} CP/MAS CPMG NMR data sets for the DPTS-SBA sample. Contributions 

from component 1 are given in blue and those from component 2 are given in red 

(a) The extracted T2 data points (solid symbols) and their corresponding least-

square fits (solid lines). (b) The extracted variable contact time data points (solid 

symbols) and their corresponding least squares fits to standard CP kinetics 

equation (solid lines). (c) Extracted FID’s presented in real space as alternating 

real and imaginary data points. (d). Full echo Fourier transforms of the FID’s 

presented in (c) and corrected for difference in magnitude using the T2 fits in (a) 

Peak 

assignment 

T
1
 T
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3
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2
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3
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Comp. 1       
Relative 

intensity (%) 

1.8 

±0.6 

 

24.5 

±0.3 

2.9 

±0.3 

1.0 

±0.2 

57.0 

±0.3 

 

12.7 

±0. 

Position 

(ppm) 

-48.7 

±0.4 

-56.1 

±0.2 

-66.4 

±0.3 

-89.8 

±0.2 

-99.6 

±0.1 

-108.4 

±0.1 

Width (ppm) 4.7 

±0.9 

10.7 

±0.7 

5.4 

±0.7 

3.0 

±0.6 

8.7 

±0.1 

6.0 

±0.2 

Comp. 2       

Relative 

intensity (%) 

- - - - 52.5 

±7.5 

47.5 

±7.5 

Position 

(ppm) 

- - - - -105.2 

±0.6 

-109.6 

±0.2 

Width (ppm) - - - - 10.7 

±0.3 

8.5 

±0.3 
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insert within a 4 mm (o.d.) rotor and due to the limited sample 

amount, it required more time for standard acquisitions on a 

full rotor. The data is collected using a CPMG-type acquisition 

where 100 echoes were collected. The three axes of variation 

represent the T2 decay (Figure 1a), the intensity variation as a 

function of contact time (Figure 1b), and the FID’s (Figure 1c) 

of the two components identified by this method. The Fourier 

transformed spectral components are presented in (Figure 1d). 

The two components illustrate very different T2 values and CP 

kinetics behaviour.  The first component (red in Figure 1) can 

be fit with 6 peaks (Table 1) and has a shorter T2 (T2 = 36.3 ms) 

and more rapid CP kinetics (TSiH = 0.5 ms, T1ρ,H = 16.3 ms).  The 

second (blue in Figure 1) contains only two peaks (Table 1) and 

has a longer T2 of 274 ms and slower CP kinetics (TSiH = 2.4 ms, 

T1ρ,H = 22.2 ms).   

The method can also be used to reconstruct any spectrum 

along the VCT curve. For this reconstruction, the spectral 

components are first adjusted for T2 decay by fitting their T2 

decays and back calculating their initial intensity at zero time.  

The second step is to multiply these T2 scaled components by 

their relative intensities at a given contact time and co-add 

them to obtain the final reconstructed spectrum. In Figure 2 

we compare a standard CP/MAS spectrum collected for the 

DPTS functionalized SBA sample (Figure 2a) to that 

reconstructed from the CPMG data at the same 3 ms contact 

time (Figure 2b).  The results show good agreement in terms of 

their peak positions, widths, and intensities (Table 2). 

Additionally, we can compare the results of our new method 

(Figure 2b) to the standard processing methods used for CPMG 

data sets. The standard methods either stack and sum each 

echo (Figure 2c), or perform a Fourier transform (FT) on the 

full echo train (Figure 2d). The later produces a spectrum 

containing a “spikelet” of peaks that map out the spectral 

lineshape. In both reconstructions, little to no intensity exists 

in the -40 to -60 ppm range. These results illustrate the major 

fundamental issue with the CPMG type acquisition. Above we 

observed that one spectral component has a much longer T2 

decay than the other.  Therefore, the component with the 

longer T2 decay is disproportionately represented in the 

transformed data of the full echo train.  These issues illustrate 

the biggest detriment of the CPMG acquisition, which is that 

the resulting intensities are not representative of the true 

species distribution.  

In addition to reproducing the results of standard CP/MAS, our 

new processing procedure provides a dramatic increase in 

time savings. The 
29

Si{
1
H} CP/MAS spectrum in Figure 2a 

required 72 hrs of active acquisition time due to the limited 

amount of sample available for analysis.  The full VCT 
29

Si{
1
H} 

CP/CPMG data set used in the reconstruction required 17 hrs 

of active acquisition in comparison. We have estimated the 

time it would take to collect a VCT 
29

Si{
1
H} CP/MAS dataset of 

comparable quality by measuring the signal to noise per 

acquisition of the most intense peak in the 3 ms data sets at -

111 ppm.  The amplitude of the noise was taken as the 

average intensity over the interval of 100 to 0 ppm where no 

peaks are observed.  The signal to noise measured is 98 and 

 

Fig. 2 A comparison of 
29

Si{
1
H} CP/MAS data collected at 10 kHz using a 3 ms 

contact time for a DPTS-SBA sample. Time needed to collect each spectrum is 

given for each (a) Standard 
29

Si{
1
H} CP/MAS NMR spectrum. (b) Spectrum for the 

reconstructed using the reconstruction method described in the text. (c) Data 

reconstructed by summing the individual CPMG echoes prior to Fourier transform. 

(d) A Fourier transform of the full CPMG echo train to produce a “spikelet” 

spectrum.  
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(ppm) 

-50.0 
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±0.1 
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±0.1 
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118 for the traditionally collected and reconstructed spectra, 

respectively.  Since the traditional spectra required 12 9868 

scans at a 2 s pulse delay, a comparable spectrum would 

require 105.23 hrs of acquisition time. Assuming comparable 

time to collect each of the 12 VCT spectra a full VCT curve for 

this sample would require 52.6 days of acquisition time. This 

estimate of course neglects that spectra collected at different 

contact times will have major differences in peak intensities 

and may require longer acquisitions to resolve minor peaks.  

However, it is clear based on this rough estimate that a 

dramatic times savings is realized with the CPMG 

reconstruction method. 

 

Given the above analysis, a full data VCT 
29

Si{
1
H} CP/MAS data 

set for the DPTS sample would have taken prohibitively long 

time to acquire. Therefore, we collected a set of spectra at 

contact times 0.5, 1.0, 3.0, and 7.0 ms collected using 

traditional CP/MAS acquisition on a digylcolamide (DGA) 

functionalized material where a larger sample amount could 

be used. This data was compared to reconstructed data from 

the CPMG data set and used to assess the ability of the 

reconstruction method to accurately reproduce the spectra at 

differing contact times. Comparison of the standard CP spectra 

(Figure 3A) to the reconstructed spectra (Figure 3B) do show 

some amplitude differences between the two sets of data. 

However, the peak widths and positions as well as the CP 

kinetics are accurately reproduced by the CPMG 

reconstruction and are within the estimate error of the 

measurements (Table 2 and Figure 4).  The amplitude 

differences are probably due to the long interpulse delays (6 

ms) used to collect the full echoes during the CPMG 

acquisition.  Therefore, the faster relaxing components may be 

experiencing greater amplitude uncertainties due to the need 

to back calculate the initial intensities from the T2 data.  

 

The data extracted from this method also provide valuable 

insight into the structure and chemistry of these materials.  

Beyond the dramatic increase in signal to noise, the biggest 

benefit is derived by the co-collection of both T2 and CP-

kinetics. In this case, the two components shown in Figure 1d 

can be assigned to two distinct protonation environments 

within these materials. The first component is represented by 

long relative T2, and slow CP kinetics (Figure 2 blue).  

Combined with the spectral component containing mostly Q
4
 

siloxane peaks (-110 ppm) we can assign this environment to 

bulk silica that is close enough to the surface to CP through 

spin diffusion to the proton spin bath.  The second component, 

therefore, represents the direct surface environment of the 

functionalized mesoporous silica.  This assignment is 

consistent with both the relatively short T2, rapid CP kinetics, 

and the appearance of peaks from silanols (-90 to -106 ppm) 

and the functionalized surface sites (-50 to -70 ppm)
10-12

.  The 

presence of protons on the surface mediates both the short T2 

relaxation and the rapid CP kinetics of these surface sites. The 

non-unique CP behaviour of the silica sites is likely resultant 

from rapid 
1
H spin diffusion. These same environments are 

derived in all the functionalized SBA samples we have studied 

and illustrates that the method provides powerful information 

about the direct surface environments of these materials. 

4. Conclusions 

The methods presented here show a dramatic time savings for 

the collection of data rich NMR spectral sets using 

conventional NMR pulse sequences and equipment. Further, 

the data processing method can be applied to a wide range of 

data where one independent variable is changed over the 

course of the experiment. It should be noted that these 

methods thus far have only been developed for data sets 

where the three dimensions are not correlated and orthogonal 

to one another.  The application of such methods to data sets 

where the spectra encounter changes in chemical shift or 

phase would be desirable but still are outside of the scope for 

the proposed data processing methods. Since this is a data 

processing method, these methods could be applied in 

conjunction with other echo acquisition methods such as 

PIETA that have been shown to have an advantage over CPMG 

acquisition schemes
32

 or signal enhancement protocols such as 

DNP to allow for unprecedented signal enhancement. Further, 

this method is model free and requires no a-priori knowledge 

about the samples or the spins systems.  Therefore, it could be 

easily applied to systems containing quadrupoles, complex 

dynamics, or exchange that produce complex overlapping 

spectral lineshapes.  

 

Fig. 4 Comparison of the normalized CP kinetics curves for the DGA sample for 

each of the six peaks at the given chemical shift collected using direct CP 

measurements (blue) and using the reconstruction method (orange).  The 

intensities in each panel are normalized such that the maximum intensity for each 

peak over the VCT series is 1. Error bars represent the error in intensity as 

described in the text.  
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