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Abstract 
 

We observe non-monotonic development of the 13C magnetization in polycrystalline 
samples of glycine, sucrose, and adamantine during cross-polarization.  We demonstrate, 
by fitting the time dependence, that the development quantitatively results from dipolar 
oscillations.  To fit the data quantitatively requires one to assume two types of spin-
diffusion behavior.   
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Introduction 

The combination [1] of cross-polarization (CP) enhancement [2] of rare-spin nuclei by 
magnetic contact with abundant nuclei and magic-angle spinning (MAS) [3-5] is one of 
the most commonly performed solid-state nuclear magnetic resonance (NMR) 
experiments.  This experiment circumvents the sensitivity challenge arising from the 
small magnetogyric ratio, low natural abundance, and typically long spin-lattice 
relaxation times of most rare-spin nuclei.  The efficacy of polarization transfer varies 
from site to site and with offset.  As a result, relative quantitation is difficult [6-16]. 
 The usual description of the cross-polarization process is a thermodynamic analysis 
[11] that gives an exponential rise of the magnetization followed by exponential damping 
due to relaxation.  Limitations of this classic description were evident when transient 
oscillations were observed in the build-up of 13C magnetization in a single crystal of 
ferrocene [17].  Subsequently, examples of complex behavior have been reported in 
polycrystalline powders [6], and even for transfer under adiabatic demagnetization [18, 
19].  However, the complex behavior reported for cross-polarization transfer in 
polycrystalline powders has not been described in terms of non-monotonic behavior.  In 
the original paper on polarization transfer [9], it was noted that the "bottleneck due to 
spin diffusion" prevents the abundant proton-spin system from being described by a 
single temperature during the early stage of transfer, implying that the thermodynamic 
theory is not applicable, at least for very short contacts.  The deviations from first-order 
behavior observed in all these cases are similar to, but are to be distinguished from, 
effects in Lee-Goldberg cross-polarization, in which 1H-13C spin-pair interactions are 
predominantly responsible for polarization transfer, while proton homonuclear spin 
diffusion is limited [20, 21]. 
 More detailed theoretical descriptions of the polarization-transfer process have been 
given [16, 22].  While the subject of non-monotonic behavior of the rare-spin 
magnetization has been raised, in each case the discussion was limited.  For example, to 
avoid the difficulties of the spin-temperature approach in describing polarization transfer, 
Marica and Snider [16] derived exact expressions for polarization transfer between an 
isolated pair of spin-½ particles based on the quantum Liouville equation under both 
static and MAS conditions, including powder-average results, but without including  spin 
relaxation and spin diffusion in their calculations.  The results predict non-monotonic 
behavior, but the lack of inclusion of spin diffusion limits the practical applicability of 
their results to isolated spin pairs.  A theoretical description of cross polarization between 
a spin-½ nucleus (S) and a system of N interacting spins-½ has also been given by Marks 
and Vega [22].  While discussing cross polarization in nonspinning samples, they noted 
that "when the frequency line shape of the S-spin signal exhibits some dipolar structure, 
one can expect initial transient oscillations in the CP signal as a function of the mixing 
time.  These oscillations can be expected in particular when the S spin is coupled to a 
small number of I spins and the homonuclear interaction is reduced, by dilution, 
molecular motion, or sample spinning." 
 In this paper, we carefully measure and quantitatively analyze non-monotonic 
behavior during short cross-polarization contacts, as well as the long-contact-time 
relaxation behavior, for several standard polycrystalline materials.  The goal is to 
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characterize the transfer process and its dependence on dynamic and structural 
parameters for these materials. 
 
Experimental 

The NMR data were acquired with a Bruker Avance 300 spectrometer using a 4-mm 
(outside diameter) zirconia rotor.  The 1H data were acquired with a single-pulse 
experiment.  The 13C and 15N CP and CP/MAS spectra were acquired using a 1H π/2 
pulse width of 4 µs, a data acquisition time of 65 ms, and a recycle delay five times the 
proton spin-lattice relaxation time. The calibration of the Hartmann-Hahn match was 
experimentally established by adjusting relative powers to maximize the amplitude of the 
13C CP signal of a static adamantane sample.  The contact times were varied from 10 µs 
to 35 ms.  The three pulse sequences used for data acquisition are shown in Figure 1.  The 
sample spin rates were varied from zero (i.e. a static sample) to 15 kHz.  
 NMR data were acquired for the α- and γ-polymorphs of glycine, as well as for 
sucrose and adamantane.  The glycine samples were characterized by infrared 
spectroscopy, x-ray diffraction, and NMR spectroscopy to specify the polymorphic 
structure [23].  Amine-deuterated γ-glycine was synthesized by repeated dissolution in 
99% D2O, followed by freezing and lyophilization.  Deuteration of the amine group was 
confirmed by a 1H CRAMPS experiment [24].  The 98% 15N-labelled glycine was 
purchased from Cambridge Isotope Laboratories, Inc. 
 

The Model 

The coherent-transfer model [8] is derived as an extension of the theory of Mueller et 
al. [17] for single-crystal samples dominated by a single rare-spin-abundant-spin dipolar 
coupling.  In polycrystalline samples, different dipolar couplings arise from different 
orientations of the local dipolar axes relative to the magnetic field.  Averaging Mueller’s 
equation over all possible crystallite orientations and including the effects of rotating-
frame spin-lattice relaxation of the protons as an overall damping (assumed to be 
independent of orientation) gives the following equation for the rare-spin magnetization: 
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where Ri are proton spin-diffusion rate constants (vide infra), b0 is the magnitude of the 
carbon-proton dipolar coupling 
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γi is the magnetogyric ratio of nucleus i, h is Planck's constant, and rCH is the nearest 
proton-carbon internuclear distance.  Equation (1) technically applies only to static 
samples; however, experience shows that it reasonably approximates the situation in a 
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spinning sample.  Equation (1) also allows for the possibility that there are two different 
spin-diffusion rates for the two different terms. 
 We have also considered depolarization experiments of the type described by 
Xiaoling  et al. [25].  The extension of the ideas behind equation (1) for polycrystalline 
materials leads to the following equation for the rare-spin magnetization after 
depolarization for a time t:
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The model proposed here reproduces non-monotonic behavior in polycrystalline 

samples in which the "enormous destructive interference in a powder sample" [16] fails 
to provide a simple monotonic increase in the CP signal at short contact times.  This 
results from the interplay of a strong heteronuclear interaction and spin diffusion within 
the abundant spin system.  This situation can arise under MAS even when the usual rare-
spin line shape shows no discernable dipolar structure.  
 

Results and Discussion 

An example of the limitations of the thermodynamic model in predicting the details of 
experimental polarization transfer is illustrated in Figures 2 and 3.  The variable-contact-
time data from a 1H - 13C CP/MAS experiment, acquired with the pulse sequence of 
Figure 1a, are shown for both the carboxyl and methylene resonances of polycrystalline 
α-glycine spinning at 5 kHz.  The solid lines represent the exponential-rise-exponential-
decay that results from the classic thermodynamic description.  While the fit of the 
thermodynamic model to the carboxyl data is reasonable, there is a rather poor fit of the 
same model to the methylene data.  An expansion of the early behavior [bottom panel of 
Figure 3] shows that the increase in the 13C methylene intensity is not monotonic in 
contact time.  In particular, around 80 µs the intensity is either almost constant or 
decreasing.  The polycrystallinity of this α-glycine sample is evident from the spectrum 
of Figure 4, taken under static conditions. 
 The application of equation (1) to the cross-polarization of a methylene carbon in α-
glycine is shown in Figure 5, with an expansion of the data for short contact times shown 
in the lower plot.  The explicit inclusion of spin diffusion and variable dipolar coupling 
produces a much better fit in the short-contact-time regime, as can be seen by comparison 
to Figure 3. 
 The fit of equation (1) to the variable-contact data for the methylene resonance of α-
glycine uses two spin-diffusion rate constants.  To be consistent with the theory of 
Mueller et al. [17], the spin-diffusion constants in the two terms in equations (1) and (3) 
should, in principle, be identical.  However, dipolar interactions responsible for the spin 
diffusion are affected by both internuclear distances and motion within (segmental 
motion) and of the molecules (as in the case of adamantane).  Our empirical results show 
it is almost always necessary to model the experimental data with two spin-diffusion time 
constants.  In general, the best fit occurs for a ratio R2/R1 of about 3.  This observation 
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indicates there are at least two types of spin diffusion affecting the transfer process, one 
relatively fast and another that is slower. 
 Such observations are not unique to the present results.  Brus et al. report evidence of 
non-uniform proton homonuclear spin diffusion within rigid organic solids [26].  In their 
2D CRAMPS experiment to study the influence of local molecular motions on proton 
spin-exchange in α-glycine, the polarization transfer between the nonequivalent 
methylene protons yielded a spin diffusion coefficient of 0.77 nm2 ms-1 while polarization 
transfer between the methylene protons and the -NH3

+ protons was 0.21-0.24 nm2 ms-1.
This factor of three decrease in the proton spin-diffusion coefficient arises primarily from 
the rotation of the hydrogen-bonded amino groups rather than from the increased 
internuclear distance [26-28].  Either spin-diffusion process is fast compared to spin-
lattice relaxation processes. 
 Non-monotonic polarization-transfer behavior is not limited to α-glycine.  It is also 
observed for the methylene resonance of γ-glycine, as shown in Figure 6.  The crystal 
packing is different for the α- and γ-polymorphs [29-33], which results in distinctive 1H
CRAMPS spectra for the two polymorphs (Figure 7).  The two methylene protons of α-
glycine are shifted from each other, one being downfield as the result of a weak hydrogen 
bond to oxygen atoms.  The neutron diffraction data of Jönsson and Kvick [31] show the 
methylene carbon-proton bond distances to be 0.1090 ± 0.0002 and 0.1089 ± 0.0002 nm.  
While this difference in length does not indicate a significant difference in bonding 
within the molecule, one methylene proton does have two unusually short contacts, 
0.2390 and 0.2453 nm, with two oxygens in an adjacent layer of hydrogen-bonded 
glycine molecules.  Within the resolution of the CRAMPS experiment, the two methylene 
protons in the γ-polymorph are equivalent.  Similar non-monotonic behavior is also 
observed in amine-deuterated γ-glycine.  While fully protonated γ-glycine has a 1H spin-
lattice relaxation time T1 of 4 s, deuteration of the amine group reduces the effectiveness 
of the amine rotation as a relaxation mechanism and lengthens the remaining methylene 
1H T1 to 78 s [28].  Fast proton spin diffusion still occurs between the methylene protons, 
but the slower proton spin diffusion now proceeds intermolecularly.  
 It has long been known that, at low-to-moderate magnetic fields, the dipolar coupling 
of the 14N with its quadrupole moment to neighboring 13C atoms can be observed in the 
13C spectrum [34-36].  That this coupling to 14N is not the source of non-monotonic 
behavior is shown in Figure 8, in which non-monotonic behavior is observed for the 
methylene resonance in 98% 15N-labeled α-glycine. 
 Non-monotonic cross-polarization behavior is not unique to the polymorphs of 
glycine.  It is, for example, also observed for a methylene resonance of sucrose (Figure 
9).  Such behavior is particularly prominent for resonances of methylene carbons, which 
typically exhibit the strongest heteronuclear dipolar interactions with protons.  
Methylenes have a stronger dipolar effect than methines due to the fact that there are two 
bonded protons.  In methyl groups the heteronuclear dipolar interaction is attenuated due 
to rapid rotation about the three-fold axis [27]. 
 Short-contact experiments can indeed be complementary to 1H 2D CRAMPS studies 
for exploring spin-exchange in larger molecules.  The indirect detection of the proton 
spin-exchange through observation of 13C may circumvent the spectral resolution 
difficulties of typical 1H linewidths of 0.5 to 3 ppm observed in most CRAMPS 
experiments, as demonstrated by Wang and White [37] when measuring 1H spin diffusion 
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in polyisobutylene.  As an example of the complementary nature of the short-contact 
experiments to the CRAMPS experiments, in Figure 9, the non-monotonic behavior of 
the sucrose methylene allows one to infer the existence of multiple couplings that could 
probably not be resolved in a CRAMPS spectrum of the same material.   
 The measurement of local 1H spin-diffusion coefficients, especially through indirect 
detection of the proton spin exchange, is an active area of investigation [38].  The 
challenges include distinguishing between intra- and intermolecular spin diffusion, 
variation of spin-diffusion coefficients (including measurements on different length 
scales, in the presence of spin-locking or decoupling, and the effect of magic angle 
spinning), methods to measure the diffusion coefficients, and systems where non-uniform 
behavior is observed.  Specifically, as discussed by Chen and Schmidt-Rohr [38], the 
analysis of intramolecular spin diffusion is "particularly useful for systems with 
significant segmental motions, which partially average the homonuclear dipolar 
interactions", as in the case of glycine. 
 13C CP/MAS depolarization results [25] have been reported for several compounds, 
including polycrystalline glycine.  The depolarization data presented here for the 
methylenes of α-glycine (Figure 10) fit equation (3), which uses two spin-diffusion rate 
constants and accounts for the variation of dipolar coupling with orientation and 
segmental motion, with parameters identical to those for the variable contact cross-
polarization of this material.  The fit reproduces most characteristics of the observed 
depolarization results.  
 In the variable-contact cross-polarization and depolarization experiments, similar 
behaviors are observed at different sample rotation rates.  In the static and slow-spinning 
regimes, there is a fast energy exchange between the protonated 13C and its directly 
bonded proton(s) and then a slower approach to quasi-equilibrium via energy exchange 
with the whole 1H spin system.  For spin rates up to 5 kHz, there is a lengthening of the 
plateau or non-monotonic behavior prior to the onset of spin diffusion.  However, in the 
"fast" spinning regime, the results indicate that spin diffusion is much less effective, with 
both rate constants being much smaller than for the slow-spinning regime. As shown in 
Figure 11 for the variable contact data of the methylene resonance of α-glycine obtained 
at a spin rate of 13 kHz, the observed non-monotonic behavior corresponds to the period 
(ca. 77 µs and multiples thereof) of the sample spinning.  Equation (1) simply cannot 
reproduce this complex behavior, as the model was developed for the static case.  For 
static and slow-spinning data (i.e., Figures 5, 6, and 10), the models for polarization 
transfer and depolarization provide a reasonable fit to both the breadth and the intensity 
of the non-monotonic behavior.  However, in Figure 11, the model does not reproduce 
the intensity and width of the sharp fall and rise corresponding to the spin rate 
modulation.  This shape of the spinning modulation is reminiscent of the very sharp rise 
and fall observed for each rotational echo [39].  As the static model contains no 
mechanism for reproducing the spin rate modulation, the limitation of the model at high 
spin rates is understandable.   
 The transition from a regime of fast energy exchange and slower spin diffusion to a 
regime in which transfer is modulated by the spin rate is a result of the averaging of the 
dipolar interaction, as can be seen by the effects in the 1H spectra as a function of the spin 
rate, shown in Figure 12.  The 1H homonuclear dipolar interaction is homogenous.  Only 
at spin rates of 7 kHz and higher are there signs of MAS averaging affecting the 
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homonuclear dipolar interaction.  In other words, a "slow" MAS rate is one small 
compared to the natural 1H line width, while a "fast" MAS rate is able to narrow the 1H
resonance. 
 The effect of sample spin rate can also be seen in the polarization transfer to the 
carboxyl and methylene resonances of α-glycine for a fixed contact time of 3 ms while 
varying the Hartmann-Hahn match, as shown in Figure 13.  The two resonances represent 
opposite extremes with regard to the heteronuclear dipolar coupling to the protons.  The 
weakly coupled non-protonated carboxyl is more sensitive to MAS averaging than the 
very strongly coupled methylene. 
 The depolarization experiments of Xiaoling et al. [25] were performed at a slow 
sample spin rate with the initial 13C magnetization generated through cross-polarization 
from the protons.  The data presented here reproduce their results.  However, in the fast-
spinning regime, a short ti, meant to allow dephasing of the proton magnetization prior to 
the 13C depolarization, on the order of one ms proved insufficient.  At such values of ti
with high sample spin rates, further polarization transfer from the protons to the 
methylene and carboxyl in glycine is still observed.  Increasing the time for destruction of 
the 1H magnetization to 20 ms also proved insufficient for fast sample spinning.  Such a 
result is to be expected because the 1H resonance is narrowed (lengthening the apparent 
T2), as shown in Figure 12.  As a result it was necessary to modify the depolarization 
experiment with fast sample spinning to create the 13C magnetization with a single 13C
π/2 pulse using the pulse sequence shown in Figure 1c.  
 One of the classic examples of 13C cross-polarization dynamics is that for adamantane 
[11].  The intensities as a function of contact time of both the methylene and methine 
resonances in a static sample of adamantane exhibit identical behavior.  This is consistent 
with the random isotropic motion of the adamantane molecule in the plastic crystal at 
ambient temperature averaging out the intramolecular dipolar interaction, so that the 
intermolecular dipolar interaction provides the cross polarization.  However, a detailed 
examination of the early polarization transfer to the carbon resonances in adamantane 
also shows the characteristically non-thermodynamic behavior of a fast transfer from the 
directly bonded proton(s) followed by a slower transfer limited by spin diffusion, as 
shown for the downfield methylene resonance in Figure 14. 
 

Conclusions 
 

The short-contact data for several molecular compounds containing methylene groups 
show systematic deviations from the predictions of the thermodynamic model in the time 
regime prior to the establishment of a quasi-equilibrium in the spin system.  When the 
dipolar interactions are sufficiently strong, even polycrystalline materials show 
oscillatory behavior analogous to those in single-crystal materials.  The sample spin rate 
affects the non-monotonic behavior.  In the static and "slow" sample spinning regimes, 
polarization transfer is characterized by a rapid rise due to the strong heteronuclear 
dipolar coupling of directly bonded protons followed by a slower approach to quasi-
equilibrium via energy exchange with the whole 1H spin system through spin diffusion.  
In the "fast" spinning regime, spin diffusion is slow, as a result of averaging of the 
dipolar coupling.         



8

The Hartmann-Hahn match versus the sample spin rate depends strongly on the 
strength of the dipolar coupling.  In glycine, the strongly heteronculear dipolar-coupled 
methylene resonance shows less interference from MAS averaging than does the weakly 
heteronuclear dipolar-coupled carbonyl resonance as a function of the spin rate. 
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Figure 1. The pulse sequences used for 13C data acquisition: a) standard single-contact 
cross-polarization; b) depolarization, as described in reference 25; and c) depolarization 
as modified to avoid long-lived 1H magnetization arising in the fast MAS experiments. 
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Figure 2. 1H-13C CP/MAS variable-contact-time data for the carboxyl carbon of α-
glycine, with an expansion shown in the bottom panel.  The fit in each panel is to the 
first-order thermodynamic model.  The sample was spinning at 5 kHz. 
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Figure 3. 1H-13C CP/MAS variable-contact data for the methylene carbon of α-glycine.  
In the bottom expanded panel, it is obvious that the data do not obey the thermodynamic 
model.  The sample was spinning at 5 kHz. 
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Figure 4. 13C CP spectrum of a static sample of α-glycine.  The carboxyl resonance 
shows an asymmetric chemical-shift powder pattern (fit with smooth line), while the 
methylene resonance shows both an axially symmetric chemical-shift powder pattern and 
dipolar coupling to the quadrupolar 14N. 
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Figure 5. Fit of equation (1) to the variable-contact methylene data of α-glycine.  The 
top figure shows the full data set.  The bottom shows the early non-monotonic behavior.  
Comparing these results to the thermodynamic model of Figure 3, equation (1) provides a 
better fit to the experimental data at short contact times than the traditional 
thermodynamic model.  The sample was spinning at 5 kHz. 
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Figure 6. 1H-13C CP/MAS variable-contact data for the methylene resonance of 
polycrystalline γ-glycine.  The bottom panel is an expansion of the first millisecond.  The 
sample was spinning at 5 kHz. 
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Figure 7. 1H CRAMPS spectra of γ-glycine (top) and α-glycine (bottom). 
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Figure 8. 1H-13C CP/MAS variable-contact data for the methylene resonance of 
polycrystalline 98% 15N-enriched α-glycine.  The bottom panel shows the early part of 
this curve.  The sample was spinning at 5 kHz. 
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Figure 9. 13C CP/MAS variable-contact data for the 59.7-ppm resonance of 
polycrystalline sucrose.  The sample was spinning at 5 kHz. 
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Figure 10. Carbon magnetization as a function of depolarization time in a 13C CP/MAS 
depolarization experiment on the methylene resonance of α-glycine. The sample was 
spinning at 5 kHz.  The solid line is a fit of equation (3) to the data.  
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Figure 11. 13C CP/MAS variable-contact data for the methylene resonance of α-glycine 
at a spinning speed of 13 kHz.   
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Figure 12. 1H NMR spectra of α-glycine as a function of sample rotation speed. 
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Figure 13. 13C intensities of α-glycine as a function of the CP/MAS Hartmann-Hahn 
match for 3 ms, showing the effect of 13C RF power.  The power level of the first 
experiment on the left is 11.7 dB, and each subsequent level from left to right is 
incremented by 0.2 dB.  The upper three traces show the carboxyl resonance at spinning 
rates of 3, 7, and 10 kHz as the 13C RF power is incremented.  The bottom three traces 
show the results for the methylene resonance at the same three spinning rates. 
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Figure 14. 13C CP variable-contact data for the methylene resonance of a static sample 
of adamantane.  The solid lines represent a fit to equation (1).  The bottom panel is an 
expansion of the first one millisecond of transfer. 
 




