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Cross-polarization at the Hartmann-Hahn condition in solid-state NMR frequently is
described in terms of thermodynamics. Spin temperatures characterizing the canonical density
operator are assigned to the Zeeman reservoirs of the two spins and the cross-polarization
process brings about a state of equilibrium of the two reservoirs with a common temperature.
In such a model, cross-polarization from an initially polarized spin species (I spins) to another
spin species (S spins) is inherently an irreversible process accompanied by an increase in the
entropy of the system. However, a cross-polarization echo can be generated whereby the
polarization transferred to the S spins returns to the I spins, restoring the initial density
operator. Therefore a thermodynamic description should be applied with care even in samples
where the build-up and the decay of the magnetization can be approximated well by multi-
exponential processes. Such cross-polarization echoes are formed by the consecutive applica-
tion of two pulse trains that produce effective Hamiltonians differing in sign. The ‘time
reversal’ of cross-polarization is consistent with both the increase in Zeeman entropy during

the approach to equilibrium and with the constraint of unitary quantum evolution.

1. Introduction

Cross-polarization [1, 2] is a standard technique in
solid-state nuclear magnetic resonance (NMR) spectro-
scopy and commonly is used to enhance the sensitivity
of spins with low natural abundance and/or low
magnetogyric ratio Y (S spins) by transferring polariza-
tion from abundant high-7y spins (I spins). Such experi-
ments can also be used to determine the spatial
neighbourhood of spin systems or to increase the repeti-
tion rate of experiments by exploiting differences in
relaxation times. Cross-polarization relies on matching
the amplitudes of the two radiofrequency (RF) fields By
and B;s at the Hartmann-Hahn condition which for
spin-1/2 nuclei is given by |a)11| = |wls| with w1 =
- Y1811 and wis = - YsB 1s. At the Hartmann—Hahn con-
dition, the energy-level splitting of the I and S spins
matches in the ‘rotating frame’, and energy-conserving
flip-flop transitions are possible.

In a tilted doubly rotating frame with the - axis of the
two spins aligned along the direction of the RF irradia-

T Present address: Laboratorium fiir Physikalische Chemie,
ETH-Zentrum, CH-8092 Ziirich, Switzerland.

tion, the part of the heteronuclear dipole interaction
that promotes the transfer of polarization between the
two spin species is given by

Fhs= -ty ('S +T'S), (1)

'5j
where i sums over all I spins, j sums over all S spins, and

() _ Mo ZSE
og’ = an 3 P5(cos ;) (2)

ij

denotes the orientation-dependent dipolar-coupling
frequency between the spins i and j. Here, P(cos 6,) is
the second-order Legendre polynomial [3] and 6; is the
inclination angle of the internuclear vector with the
static magnetic field.

In a two-spin system the Hamiltonian of equation (1)
leads to an oscillatory polarization transfer between the
two spins. The time evolution becomes more compli-
cated in many-spin systems and in systems with homo-
nuclear dipolar couplings 4] In a dense coupling
network, the time evolution of the cross-polarization
process often is described by a thermodynamic model
[5] where the I spin and the S spin ‘baths’ are each

0026-8976/98 $12-00 © 1998 Taylor & Francis Ltd.
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Figure 1. Thermodynamic model of Hartmann—Hahn cross-

polarization. Two spin species are characterized by
inverse spin temperatures §; and fs. The transfer of mag-
netization is described by three rate constants: kg
describes the flow of magnetizatior} between the I-spin

and the S-spin reservoir while 1/7 and 1/r (li describe

the interaction of the spins with the lattice (T 1, relaxation)
which is at an inverse temperature .

characterized by a single variable, the inverse spin tem-
perature Sr =/ [(kpT r). Here, k p is the Boltzmann con-
stant, and T is the temperature of the spin bath that
characterizes the Boltzmann distribution of the popula-
tions. The inverse spin temperature of a reservoir is
obtained from the quantum-mechanical density
operator by a projection onto the reservoir Hamiltonian

Br=-Tr{l }%J&% (3)

If the Hartmann—-Hahn condition is fulfilled the reser-
voir Hamiltonians usually are identified with the
Zeeman Hamiltonians of the two spin species, In the
laboratory frame of reference we have A4 = a)OD > L.
and A4 = a)(()s) >, S.., in the tilted doubly rotating frame
.?é = w1 Z, I. and % = wis Z, S... Obviously, Br can
be a good description of the spin state only if the coher-
ences, i.e., the part of the density operator that does not
commute with the reservoir Hamiltonian, are irrelevant
because they decay quickly. This assumption underlies
the so-called spin-temperature hypothesis [6]

In the simplest version of the thermodynamic
model, one assumes two Zeeman energy reservoirs (in
the tilted doubly rotating frame) for the two spin
species at different initial inverse temperatures, Bi"""
and & (figure 1). The two reservoirs are coupled to
the lattice by rotating-frame relaxation which is
characterized by the relaxation times of the two spin
systems 7, and 7, and to each other by the cross-
polarization process which is characterized by a single
rate constant kis. Then the time evolution of the
spin system can be described by a system of coupled
differential equations for the inverse spin temperatures

[>. 71

%ﬁs =-ris(Bs- Br) - ﬁﬁs,
Ip
L= - s (B - ) - %ﬁ @

For two spins with the same spin quantum number and
at Hartmann-Hahn match, s = ¥ g/~ 1 is the number
of S spins per I spin and usually is a small number for
systems with dilute S spins. During the cross-polariza-
tion process, polarization is exchanged between the initi-
ally strongly polarized I-spin reservoir (characterized by
a low temperature) and the initially ‘hot’ S-spin reservoir
until the two inverse temperatures in the doubly rotating
frame reach equilibrium at 5™ = ™. The magnitude
of the cross-polarization rate constant ks can be calcu-
lated from the crystal structure of the compound inves-
tigated and often agreement with experimental data is
good [7, 8]

The entropy of the spin system characterized by a
density operator o is given by [5, 6]

s(t) =-kgTr {E(r)lnE(r)}, (5)

and is invariant under unitary transformations. Relaxa-
tion processes always lead to an increase in the entropy
of the spin system. In the thermodynamic model of
cross-polarization, only the Zeeman reservoirs of the
density operator are considered. For an I-S spin, such
a density operator 5“(:) during the cross-polarization
process can be described by

() =51 - Bi() A - Bs()HR). (6)

The entropy of the spin system described by such a
density operator for a two-spin I-S system is given by

s(1) = kp {31112 - -flg-[(’YIB 1Bie))’ + (VsB 1sﬁs('))2]},
(7)

and is not constant during the cross-polarization process
but increases monotonically. This increase is due to the
fact that s (1) depends on the sum of the squares of 3, ()
and fBs(r), which is minimum for B;(¢) = Bs(:). Under
the spin-temperature ap}%roximation, all components of
5(1) not contained in °(:) decay rapidly and can be
neglected.

An indication that such a thermodynamic model is
not always a good description of cross-polarization
was the observation of ‘transient oscillations’ in the
time dependence of cross-polarization in a single crystal
of ferrocene [9] Using the master equation approach of
equation (4) in the framework of the thermodynamic
model, such oscillations are not expected. They can,
however, be explained by the presence of a dominant
heteronuclear dipolar coupling between the S spins
and one (or a few) of the I spins. The oscillations due



Downloaded by [University of California, Berkeley] at 16:46 17 April 2013

Cross-polarization echoes 851

to this strong I-S dipolar coupling are damped by the
interaction with all the other I spins. Such a situation
can be described by considering the dominant I-S inter-
action quantum mechanically as an isolated two-spin
system while still treating the rest of the interactions
using the thermodynamic model of spin temperatures
O, 10}

Despite the fact that the master-equation approach of
equation (4) frequently is capable of phenomenologi-
cally describing the cross-polarization process satisfac-
torily [5] cross-polarization is a deterministic unitary
process that conserves quantum statistical entropy.
The conservation of entropy is in contrast to the
thermodynamic model in which entropy always
increases. Since the entropy of the total density operator
is constant under unitary rotations [5] it is obvious that
the entropy of additional degrees of freedom (e.g.,
dipolar order) has to decrease during the cross-polariza-
tion process. The deterministic nature of the cross-polar-
ization process can be demonstrated by stimulating an
‘echo’ that restores the initial quantum state of the
system (e.g., all polarization localized on the protons)
after cross-polarization has already proceeded substan-
tially towards the equilibrium state.

The ability to manipulate the nuclear spin Hamil-
tonian has led to the observation of a large number of
echo phenomena in NMR. The first spin echo [I1]
showed that it is possible to refocus inhomogeneously
broadened lines by a single pulse. Later it was shown
that it is also possible to refocus coherences in homo-
nuclear dipolar-coupled many-spin systems [12, 13] by
inverting the sign of the effective dipolar Hamiltonian of
the system. Such a ‘time reversal’ of the free-induction
decay (FID) can be achieved by combining the evolution
in the absence of RF irradiation (‘laboratory frame’)
with evolution under strong RF irradiation (‘rotating
frame’) where the dipolar Hamiltonian has a different
sign. The evolution under these two Hamiltonians leads
to the so-called ‘magic-echo’, which demonstrated the
first example of violation of the spin-temperature
hypothesis [13] The same principle has been exploited
in order to refocus the spatial spread of initially local-
ized polarization by creating a polarization echo [14]
An echo of the homonuclear spin-diffusion process
under sample rotation has also been demonstrated [15]
by reorienting the angle of the sample rotation axis
using a dynamic-angle spinning (DAS) probe [16]
Echo experiments under magic-angle spinning also
were described in the literature [17, 18] and a many-
body echo was reported in zero-field NMR [19]

The echo experiments described above are all purely
homonuclear experiments. In order to reverse the cross-
polarization process and to obtain a cross-polarization
echo, it is necesary to invert the full Hamiltonian, i.e.,

the heteronuclear dipolar Hamiltonian and both S-spin
and I-spin homonuclear dipolar Hamiltonians, a situa-
tion considerably more demanding than that for purely
homonuclear spin systems. From a theoretical view-
point, however, the homonuclear polarization echo
experiment and the cross-polarization echo experiment
are closely related. The relevant parts of the dipolar
Hamiltonian are very similar and will, therefore, lead
to similar phenomena.

In this paper we show theoretically and experiment-
ally that, by combining two Hartmann-Hahn cross-
polarization experiments with different effective-field
directions, it is possible to invert the full dipolar Hamil-
tonian and to manipulate the cross-polarization process
such that a cross-polarization echo is obtained. The
appearance of the echo demonstrates unambiguously
the unitary quantum mechanical nature of the cross-
polarization process. It should be emphasized that the
term echo is understood in the sense that an initial state
is restored and the magnetization returns to the source,
i.e., the I spins. For an experiment that detects the S
spins, the echo is manifested as a reduction in the
detected magnetization.

2. Theory
We start our description from the high field truncated
Hamiltonian in the usual doubly rotating frame [5]
(rotating about the - axis with the I-spin and the S-
spin Larmor frequencies, wo; and ays):

A= S+ Sbs + Shs + 4+ s+ e, (8)

which is valid for both the cross-polarization periods T
and T of the experiment shown in figure 2. The first five
terms on the RHS of equation (8) constitute the internal

(90°), (65,
I SLy(won) I SLy(wo) decoupling
(1257,
S SLy{ot) SL(@on) st
\‘[ NUUUVVVW
T To o

Figure 2. Pulse sequence used for the measurement of the
cross-polarization echoes. After an initial 90 pulse, the
I spins are irradiated on-resonance while the S spins are
irradiated off-resonance such that the effective field is at
an angle of 65 = 3526 with the static magnetic field,
Both spins are then rotated into a new frame by a 55
1, pulse and a 125 s, pulse. In this new frame the S
spins are irradiated on-resonance while the I spins are
irradiated off-resonance such that the effective field is at
an angle of 6; = 35.26 with the static magnetic field.
During the time » the carbon signal is acquired under
continuous-wave decoupling.
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Hamiltonian and represent the homonuclear dipolar
interactions of the I spins and the S spins, the hetero-
nuclear dipolar interaction between the I spins and the S
spins, and the chemical shifts of the I and S spins. They
are defined as

_ (i)
-%I - (UHJ (31i:1j: -1 .Ij),

i<j

_ (i,))
%S - wssj (3Si:Sj: - Si Sj),

i<j

— (i,))
%S - g 21:‘:sz,
iy

A= ZQI’)I,_.,
A= s, 9)

Here, a)ﬁ”') and wg'sj) are the homonuclear dipolar coup-

lings among the I spins and the S spins, respectively. The
heteronuclear dipolar couplings between the I spins
and the S spins are given by o¢ and the chemical
shifts (measured relative to wor and wos, resp?ctively) are
described by Qf') for the T spins and by QS') for the S
spins.

The last term of equation (8), the radiofrequency part
of the Hamiltonian

SRE = onF1. + AP + osFs, + AgFs. (10)

contains the RF fields applied to the I spins and the S
spins plus the RF carrier offset from wg; or wgs which
differs from zero only during ‘off-resonance’ irradiation
periods (figures 2 and 3). The F,, denote total spin
operators, e.g., F, = Z,I 5 o and w;s describe the
amplitudes of the I-spin and the S-spin RF irradiation,
respectively; and Ay and Ag are the offsets of the RF
irradiation frequency from wy; and wys.

We can now transform the Hamiltonian of equation
(8) into a tilted frame [5, 20] such that the RF Hamil-
tonian and, therefore, the effective magnetic field direc-
tion, is aligned along the new 7 axis. The tilted
Hamiltonian is obtained by

A= U B (11)

with
Uiy = €xp ["'i(91F1y + 6sF s}»)] (12)

and
6 = arctan (Z’_l:) and 65 = arctan ((Z—ISS) (13)

In the next step, we remove the effective RF field term
Ay = O1a4F 1. + OsgrrFs. from the tilted-frame Hamil-

8" = 35.26°

Figure 3. Orientations of the effective spin-lock fields in the
xz plane used for the off-resonance Hartmann-Hahn
experiments during the two time periods 7 and T: () I
spin; (») S spin. The dashed arrows show the orientation
of the effective spin-lock fields during the time period 7.
The I spins are irradiated on-resonance while the S spins
are irradiated such that the effective field is at an angle of
6s = 35.36 with the static magnetic field. The solid
arrows show the orientation of the effective spin-lock
fields during the time period 7. The S spins are irradiated
on-resonance while the I spins ate irradiated such that the
effective field is at an angle of 6, = 35.26 with the static
magnetic field.

tonian by transforming into an interaction-frame repre-
sentation according to

A1) = exp (+ipi) Hexp (- i) (14)
The effective field for the I spins is rer = (A7 + o] )2
and accordingly for the S spins wser = (45 + wis)' . If
the Hartmann—-Hahn condition is fulfilled, i.e., |(J)I,eff| =
|U)S,eff|, the secular Hamiltonian that governs the time
evolution of the spin system is given by

FHoe = A= Py(cos 1) Ay + P(cos 65) s

+ cos 6; cos Os.A4s + sin 6 sin 6

(i,7)
X E o (IixS,, +1,5,,)
ijj
+ cos 6 E Q?)I,_. + cos 65 E Q(Si)S,_.. (15)

Here, P>(cos8) = (3cos’> - 1)/2 is the second-order
Legendre polynomial [3] and describes the truncation
of a second-rank tensor under rotation about an axis
inclined from the - axis by an angle 6.

In order to obtain a ‘time reversal’ of the time evolu-
tion of the density operator under this Hamiltonian and,
therefore, a cross-polarization echo, it suffices to gen-
erate two interaction-frame Hamiltonians D and
A during the two consecutive periods 7, and T, of
figure 2 that fulfil the relationship

A = AHA (16)
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where A is a positive real number. The variables at the
discretion of the experlmentahst are the four angles 9; ,
9; ) , ( Y and 9 . Furthermore, it is required that the
densr(y operator follows the changes in the quantization
axis. Under these conditions, an echo will appear at
7 = Aty. In the absence of chemical shift differences,
where A4 and A vanish, solutions to equation (16)
can be found by simultaneously solving the following
four equations:

Pz(cose§l)) = -AP2(0059§2)), (17)
Pz(cosq9(sl)) = -)\Pz(COS@(Sz)), (18)
cos 6" cos 6 = - A cos 67 cos 9(52), (19)
sin 9;1) sin 9(51) = -Asin 9;2) sin 9(52) (20)

These four equations can only be solved simultaneously
for A = 1, i.e., if the two cross-polarization time periods
have equal length. There exists an infinite set of sol-
utions defined by:

35.26" > 6" > 90°

9

1/2
Q) _ 2- 3cos’ 91(1
6/ = arccos 3 .

1/2
(1 _ 2 - 3cos’ 91(1
65" = arccos 3 .

o =-o. (21)

For the allowed range of angles 9;1) , the scaling factors
for the homonuclear dipolar interaction (equations (17)
and (18)) vary between +0.5 and - 0.5 while the scaling
factor for the heteronuclear di 2polar interaction (equa-
tion (20)) varies between 1/3' and 2/3. In the experi-
ments, described below, we use the solution

6" = +90° o = +35.26,
(1) o (2) o (22)
o) = +3526 o =-0,

that leads to the scaling factors listed in table 1. It can be
seen that all dipolar Hamiltonians change sign by going
from the first cross-polarization time period (table 1,
column 3) to the second time period (table 1, column
4). The chemical shift terms, however, are not inverted.
They are scaled to zero during the on-resonance spin
lock (6=90") but only scaled by (2 /3)'" during the
off-resonance spin lock (0 = 35.24 ) This leads to an
attenuation of the echo intensity unless the chemical
shift offset and the chemical shielding tensors are very
small. None of the solutions described by equation (21)

leads to a simultaneous compensation of the two chemi-
cal shifts.

If only one of the two cross-polarization periods in
figure 2 is active, we expect the same rate of polarization
transfer irrespective of which of the two periods is
chosen. This follows from the fact that the transferred
magnetization is independent of the absolute sign of the
Hamiltonian. However, the relaxation processes can
differ for the two periods where the off-resonance spin
lock is performed either on the S spins or on the I spins.
In addition, the contributions from chemical shift offsets
will be different in the two frames. Another source of
imperfections that could inhibit full echo formation is
incomplete truncation of the dipolar Hamiltonian by the
effective RF field. If the effective RF field is not much
larger than the line width of both the proton and carbon
lines, the truncation applied in equation (15) is only
approximately justified and higher order terms, not re-
focused by the echo scheme, would play a role.

3. Experimental implementation

An experimental implementation of the cross-polari-
zation echo experlment using detection of the S sping
(carbon) is shown in ﬁgure 2. After an initial 90
pulse, cross-polarization is allowed to proceed during
the time period 7 with the I spins (protons) irradiated
on-resonance while the S spins (carbons) are irradiated
off-resonance to generate the required effective-field
direction. Then a 55° pulse and a 125~ pulse are apphed
simultaneously to the I spins (protons) and the S spins
(carbons), respectively, in order to rotate the density
operator into the new frame. During the time T the S
spins (carbons) are irradiated on-resonance while the I
spins (protons) are irradiated off-resonance (figure 3).
The two times 7; and T can be varied independently
to monitor the time dependence of the polarization
transfer as a function of these two variables. In all
cases, the carbon signal was acquired under continous-
wave (CW) decoupling of the protons, and the intensity
of the signal as a function of the two mixing times gives
the two-dimensional echo envelope. As mentioned
above, the cross-polarization echo manifests itself as a
decay of the carbon magnetization. This pulse sequence
can be used also to measure the time dependence of the
build-up of the cross-polarized magnetization in each
frame by setting one of the two times, T, or T, to
zero. Spin-temperature alternation [21] was included in
the phase cycle.

All experiments were carried out on a Chemagnetics
CMX-180 spectrometer equipped with a 4 mm double-
resonance MAS probe (used without sample spinning).
Two dlfferently selectively C labelled samples, P-BC
glycine and 3-"*C hlanine, were used in the experiments.
The effective field for the cross-polarization was in all
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Table 1. Parameters for the cross-polarization echo experiment.
On-resonance Off-resonance Off-resonance
Hartmann-Hahn cross-polarization cross-polarization
Parameters polarization during 7 during o,

I-spin angle (6) 90’ 90° 35.26°
S-spin angle (6s) 90° 35.26° -90°
Homonuclear I-spin scaling (2 (cos 6;)) -3 -3 +3
Homonuclear S-spin scaling (,(cos 6;)) -3 +3 -3

. . . 1 1
Heteronuclear scaling (sin 6y sin 6s) 1 - 73 + 73
Heteronuclear scaling (cos 61 cos 6s) 0 0 0
I-spin chemical shift scaling (cos 6;) 0 + %
S-spin chemical shift scaling (cos 6s) 0 + \/ % 0

. 1
I-spin RF field strength (coir) VB YB 1 B
S-spin RF field strength (ws) YB1 \%YBI - VB
I-spin offset frequency (4;) 0 0 + \/ % YB1
. 2

S-spin offset frequency (4s) 0 + \/ 3751 0

experiments adjusted to ey /(270 = wsgrr /(270 =
100kHz. To achieve an effective field of weyr /(270 =
100kHz for the off-resonance irradiation, the RF field
strength was reduced to o, /(21 ~57.7kHz. Off-reson-
ance irradiation was generated either by a phase-contin-
uous frequency jump of - 81.650kHz from the carrier
frequency of the RF or by a continuous phase modula-
tion of the on-resonance radiofrequency. In principle,
both schemes are equivalent, but on our spectrometer
the second method gave better and more reproducible
results. For all experiments a completely filled 4 mm
rotor was used. Phase errors due to changes in the
probe tuning and matching as a function of RF fre-
quency were compensated by experimentally adjusting
the phase of the off-resonance irradiated radiofrequency
field.

The RF field strengths on the two channels for the on-
and off-resonance cross-polarization (CP) experiments
were adjusted using the following four-step procedure.

(i) On-resonance cross-polarization. First the field
strength on the proton channel was adjusted to approxi-
mately 100 kHz using a proton nutation experiment with
cross-polarization and detection on the carbon channel.
The RF amplitude of the carbon channel was then
adjusted for optimum cross-polarization intensity and
the field strength checked by a carbon nutation experi-
ment. The difference in the nutation frequencies was less

than 2%. The nutation spectra were fitted with a
damped sine wave, and the extracted parameters were
used to calculate the exact duration of the pulses
required for the experiment (figure 2).

(i) Carbon off-resonance cross-polarization. Using
the CP echo pulse sequence (figure 2) with » = 0 and
the proton on-resonance field strength, the off-resonance
cross-polarization condition for the carbon channel was
optimized and the phase error carefully checked. Typi-
cally, the phase difference between the on-resonance and
the off-resonance irradiation was less than 10 .

(iii) Proton off-resonance cross-polarization. The
same adjustment was carried out to optimize the
proton off-resonance RF field strength using the CP
echo pulse sequence of figure 2 with 7 = 0.

(iv) Fine tuning of the parameters. In a final step the
off-resonance field strengths were fine tuned to give the
lowest carbon intensity for 1 = ™ ~100 ps and equal
intensity for the build-up of the cross-polarized mag-
netization in the two different frames. Only very small
adjustments of the RF field strength were necessary.

During the course of the measurements, it was noted
that the experiment is rather sensitive to small misad-
justments of the parameters. The misadjustments do not
lead to a shift of the echo in time, as is the case for
homonuclear dipolar echoes [12-15, 18] but to a
decrease in the extent of the refocusing. This is a conse-
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Figure 4. («) One-pulse excitation carbon spectrum and

(b) cross-polarization carbon spectrum of 3-1°C hlanine;
(¢) one-pulse excitation carbon spectrum and (d Cross-
polarization carbon spectrum of e ycine. The
chemical shifts are referenced to an external secondary
standard of TMS. The cross-polarization intensities in
figures 5-8 are all normalized such that the one-pulse
excitation carbon spectra have unit intensity.

quence of the fact that the misadjustment of one par-
ameter will scale various components of the dipolar
Hamiltonian differently, preventing complete echo for-
mation.

4. Results

Figure 4 shows the one-pulse ex01tat10n carbon
spectra of (a) B-' C]llanme and (c) C}lycme plus
(b,d) cross- polarlzatlon carbon spectra of both samples
to illustrate the signal-to-noise ratio obtained in the
cross-polarization echo measurements. The line shape
is dominated by the *C chemical shift anisotropy. All
spectra were acquired with 8 scans and a spectral width
of 25kHz. The one-pulse excitation carbon spectra of
figure 4(a,¢) were used to normalize the intensity of all
the cross-polarization echo measurements.

Figure 5 shows the build-up of the cross-polarized
magnetization for a sample of [i-[BC lanine for the
case of on-resonance Hartmann-Hahn cross-polariza-
tion (O), for the case of carbon off-resonance irradia-
tion with 65 = 35. 26" (L), and for the case of proton
off-resonance irradiation with 6; = 35.26 (&). The
signal intensities are normalized to the one-pulse
carbon spectrum of figure 4(« ). The on-resonance Hart-
mann—Hahn cross-polarization reaches a maximum of
2.3 for 1cp ~0.45ms. Using the thermodynamic model
for cross-polarization and taking into account the
number of I and S spins, a theoretical polarization of
3.0 would be expected in the absence of 7, relaxation
(taking into account only the directly bound protons).
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Figure 5. Time dependence of the build-up of the cross-

polarized magnetization in 3-°C hlanine. The build-up
for the on-resonance Hartmann—Hahn cross-polarization
is marked by a O while the solid lines show the best fit by
the themlodynamm spin-temperature model (ks =
10ms~ ) The build-up of the magnetization during the
time period T (carbon irradiation off-resonance) is
marked by [] and the build-up during the time period
T, (proton irradiation off-resonance) is marked by the
symbol <. Again, the solid lines show the best fit by the
thermodynamic spin-temperature model (k15 = 4.5 ms™ !
and 4.2ms™ ', respectively). The signal intensity is normal-
ized such that a comparable carbon one-pulse excitation
spectrum has unit intensity.

Considering relaxation and instrumental imperfections
(misadjustment of the Hartmann—Hahn match, miscali-
bration of the pulse lengths) the value obtained experi-
mentally is quite reasonable. The carbon polarization
build-up rate constant in the two different off-resonance
frames is, as expected, slower than in the on-resonance
Hartmann-Hahn case (figure 5) with fitted initial rate
constants of 4.5 ms " for the off-resonance cross- -polar-
ization and 10ms™ ' for the Hartmann—Hahn case. The
ratio of the two is reasonably close to the square of the
scaling factor of the heteronuclear dipolar interaction [5]
which is three (table 1). The solid lines in figure 5 show
the best fits obtained by the thermodynamical model
described in section 1. The agreement between the
fitted curves and the measured data is less than perfect
but still reasonable. This illustrates that the thermo-
dynamic spin-temperature model agrees roughly with
the measured data in this case. During the first 200 pis
the time evolution of the cross-polarized magnetization
is basically the same for the proton and the carbon off-
resonance cross-polarization processes. For longer times
the time evolution in the two off-resonance frames starts
to deviate considerably, which is not accounted for by
the simplified theoretical description.

In contrast to the cross-polarization build-up curve in
alamne which is roughly exponential, the data for
g C lycme shows pronounced transient oscillations

} particularly strong in the on-resonance cross-polar-
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Figure 6. Time dependence of the build-up of the cross-
polarized magnetization in [2- Bc lycine. The build-up
for the on-resonance Hartmann—Hahn cross-polarization
is marked by a O. The build-up of the magnetization
during the time period 7 (carbon irradiation off-reson-
ance) is marked by [ ] and the build-up during the time
period T, (proton irradiation off-resonance) is marked by
the symbol <. The solid lines connect the measured data
points as a guide to the eye. The inset shows a more
detailed view of the curve for 7cp < 200 ps. Transient
oscillations of the cross-polaized magnetization are evi-
dent. The intensity is normalized such that a comparable
carbon one-pulse excitation spectrum has unit intensity.

ization measurements (figure 6). The oscillations are
attributed to the strong heteronuclear coupling within
the CH; group which exceeds the homogeneous proton
line width. These transient oscillations are somewhat
damped in both off-resonance cross-polarization cases
because the heteronuclear interaction is scaled more
strongly than the homonuclear interactions (table 1).
The maximum magnetization of 2.7 times that of the
one-pulse carbon spectrum (figure 4(c)) is reached after
a mixing tlme of about 600 ps. The initial rate constants
are 104ms™' for on-resonance cross polarization and
45ms™' for both off-resonance cross-polarization
experiments. It is obvious that a purely thermodynamic
model cannot accurately describe the cross-polarization
process in this sample.

The formation of the echo in the [B-"Chlanine
sample for different echo times is shown in figure 7.
The build-up of the cross-polarized magnetization in
the two different frames is marked by the symbols O
(i =0ps) and [ ] (1, =O0ps). These two curves are
almost identical up to a cross-polarization time of
150 ps, after which they start to deviate slightly. The
maximum intensity difference between the two curves
for a cross-polarization time of 500 s is about 10%.
Four different echo experiments are shown in figure 7
and marked with the symbols > for 1, = 37 },ls, A for
T = 85},[8, <] for T = 134ps, and V for 7 = 182 s.
The series of °C spectra that corresponds to the echo
curve with 7 = 85 s (/\) is shown on top to illustrate
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Figure 7. Cross-polarization echoes in 3-*Chlanine. The
build-up of the cross-polarized magnetization (see also
figure 5) is shown for 7 = Ops and m» = Ops marked
with the symbols O and [, respectively. The data points
marked with the symbols >, A, <], and V' represent the
time evolution of the cross-polarized magnetization when
the frame of the cross-polarization process is changed at
time 7 = 37us, 85ps, 134 s, and 182 s, respectively.
These times are indicated in the figure by a dashed vertical
line. The echoes are clearly visible at about the correct
time point with 7| = 1, but for longer echo times t; the
minimum appears slightly earlier. The intensity of the
minimum increases with increasing echo time. The solid
lines connect the measured data points and are a guide to
the eye. The upper part shows the actual spectrum for the
echo formation when 7, = 85 ps.

the quality of the measured spectra. The small phase
twists seen in some of the echo spectra were reproducible
and their source is not fully understood. One possible
cause is systematic phase errors generated by the limited
phase resolution of the pulse programmer. The echo
(signal minimum) reaches almost zero (the theoretically
expected value corresponding to a perfect time reversal)
for the shortest echo time, while for longer times the
time reversal is not as good. This shows that the two
effective Hamiltonians do not obey equation (16) pre-
cisely, due to experimental imperfections and true dis-
sipative processes.

One possible source of the imperfections in the echo is
the differences in the truncation of the chemical shift
offsets or chemical shift tensors in the two different
frames. Differences between the two Hamiltonians will
lead to a different time evolution of the density operator,
and therefore to an attenuation of the echo intensity.
Other possible sources include misadjustments of the
phase of the off-resonance RF field, the angle 6 between
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the effective field and the static magnetic field B, the
pulse length for the rotation of the density operator
from the first into the second frame, or of the Hart-
mann-Hahn match, i.e., the magnitude of the two effec-
tive fields. All these parameters were optimized
experimentally as elaborated above for an echo time of
100 ps. However, there is always an unavoidable small
drift of the linear amplifiers over the course of an experi-
mental series, due to variations in environment par-
ameters. Relaxation processes are also active during
the cross-polarization time, as can be seen from the
decay of the magnetization over longer contact times.
Such an incoherent process destroys some of the coher-
ences built up during the first cross-polarization interval
T;. These coherences are therefore not completely refo-
cused during the second cross-polarization interval T,
leading to an attenuated echo. Echoes are still obser-
vable up to an echo time of 7; =200 ps, but the intensity
decays and they appear earlier than predicted.

Figure 8 shows the formation of cross-polarization
echoes for p-"C ycine for three different echo times
7. The shortest time, 7y = 37 s (figure 8(«)), is still in
the very steep build-up regime of the cross-polarization
process. The echo reaches almost zero intensity at the
expected time . The second echo (figure 8(»)) with
T = 85 s starts after the first transient oscillation
reaches its minimum. It is interesting to see that the
transient oscillation shows up also in the echo, as
expected for a true time reversal. The carbon magnetiza-
tion initially increases and after reaching a local maxi-
mum decreases, as expected, to form the echo. The echo
at 71 = T, is not complete (zero carbon intensity) but a
value of about 50% of the maximum carbon signal
amplitude is found. For the longest echo time with
T = 134 ps (figure 8(c)), the echo is considerably
damped (higher carbon intensity at 7, = 1») compared
with shorter echo times.

5. Conclusion

Cross-polarization echoes were observed in static
powder samples. The echo is obtained by a combination
of two cross-polarization periods with different off-
resonance RF irradiation schemes. The total (homonuc-
lear and heteronuclear) dipolar interaction is the same
during the two cross-polarization time periods, except
for the sign of the Hamiltonian which is inverted during
the second time period. The two different cross-polariza-
tion time periods correspond to different double tilted
rotating frames.

The appearance of the echo confirms that cross-polar-
ization is a coherent, unitary quantum mechanical pro-
cess, despite the fact that in many cases it can be
described approximately by a thermodynamic model
with a master equation. In the experiments performed
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Figure 8. Cross-polarization echoes in e lycine. The

build-up of the cross-polarized magnetization (see also
figure 6) is shown for 7 = Ops and m» = Ops marked
with the symbols O and [, respectively. The data points
marked with the symbols ‘represent the time evolution
of the cross-polarized magnetization when the frame of
the cross-polarization process is changed at time («) 7 =
37, (p) 11 = 85s, and (¢) T = 134 ps. The echoes are
clearly visible at about the correct time point with ) =
but for longer echo times 7; the minimum appears slightly
too early. The intensity of the minimum increases with
increasing echo time. In (») it can be seen that the tran-
sient oscillation appearing around 7; = 85 s is also time
reversed. The solid lines connect the measured data points
and are a guide to the eye.

on the sample of alanine the observation of an almost
exponential buildup and decay of the cross-polarization
does not imply an incoherent heteronuclear relaxation
process, reminding us that the spin-temperature hypoth-
esis must be applied with care.

In contrast to the standard model of cross-polariza-
tion, where it is assumed that cross-polarization con-
serves the sum polarization and maximizes entropy, we
deal with a process that conserves polarization as well as
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total entropy of the spin system. Note that during the
first of the cross-polarization periods the entropy
increases if one considers only the Zeeman order of
the two spin species, but the entropy of the additional
degrees of freedom (dipolar order) decreases. During the
second cross-polarization period, the Zeeman entropy
decreases while the dipolar entropy increases. However,
in the absence of 7, relaxation the total entropy of the
density operator is constant, due to the conservation of
entropy under unitary transformations. In the presence
of relaxation, the entropy increases monotonically.
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65th birthday.

Financial support from SON and the SON National
HF-NMR Facility, University of Nijmegen, technical
support by J. van Os, H. Janssen and G. Nachtegaal
and stimulating scientific discussions with Rene Verel
and Dr Paul Hodgkinson are gratefully acknowledged.
We would also like to thank Dr Susan M. De Paul for
many helpful suggestions and for carefully reading the
manuscript. This work was supported by the Director,
Office of Energy Research, Office of Basic Energy
Sciences, Materials Sciences Division, US Department
of Energy, under Contract DE-AC03-76SF0098.

References
[1] HarT™maNN, S. R., and Haun, E. L., 1962, Phys. Rev.,
128, 2042.
2] Pixes, A., GBBY, M. G., and WaucHh, J. S., 1973,
J. chem. Phys., 59, 569.
[3] Bring, D. M., and Sarcurer, G. R., 1993, Angular
Momentum (Oxford: Clarendon Press).

[4] Meier, B. H., 1994, Advances in Magnetic and Optical
Resonance, Vol. 18, edited by W. S. Warren (New York:
Academic Press), p. 1.

[5] MeuriNG, M., 1983, Principles of High Resolution NMR
in Solids (Berlin: Springer-Verlag).

[6] GoLpman, M., 1970, Spin Temperature and Nuclear
Magnetic Resonance in Solids (Oxford: Clarendon Press).

[7] McArTHUR, D. A., Hann, E. L., and WaLstepT, R. E.,
1969, Phys. Rev., 188, 609.

[8] Demco, D. E., TeGeNFELDT, J., and WaucH, J. S., 1975,
Phys. Rev. B, 11, 4133.

[9] MtLLERr, L., Kumar, A., Baumann, T., and Ernsr,
R. R., 1974, Phys. Rev. Lett., 32, 1402.

[10] Levrrt, M. H., Suter, D., and Ernst, R. R., 1986,
J. chem. Phys., 84, 4243,

[11] Haux, E. L., 1950, Phys. Rev., 80, 580.

[12] Scunemer, H., and Scamiener, H., 1969, Phys. Lett. A,
30, 298.

[13] Rumvm, W. K., Pixes, A., and WaucH, J. S., 1970, Phys.
Rev. Lett., 25, 218.

[14] Zuaxg, S., MEier, B. H., and Ernst, R. R., 1992, Phys.
Rev. Lett., 69, 2149.

[15] De Pauw, S. M., Tomaserri, M., Pings, A., ErnsT, M.,
and Meier, B. H., 1997, J. chem. Phys., 108, 826.

[16] MueLLer, K. T. Sun, B. Q., Cumcas, G. C,
ZWANZIGER, J. W., Terao, T., and PiNes, A., 1990, J.
magn. Reson., 86, 470.

[17] Karisson, T., HeLmLE, M., Kurur, N. D., and LevrrT,
M. H., 1995, Chem. Phys. Lett., 247, 534.

[18] TomaserrLr, M., HepiGer, S. Suter, D., and Ernsr,
R. R., 1996, J. chem. Phys., 105, 10 672.

[19] Lror, A., OLEJNICZAK, Z., SACHLEBEN, ]., and PINEs,
A., 1991, Phys. Rev. Lett., 67, 1989.

[20] HaeBerLEN, U., 1968, High Resolution N MR in Solids.
Selective Averaging (New York: Academic Press).

[21] SteyskaL, E. O.,and ScHAEFER, ]., 1975, J. magn. Reson.,
18, 560.



