
Journal of Magnetic Resonance 169 (2004) 164–173

www.elsevier.com/locate/jmr
Microsecond time-scale dynamics from relaxation in the
rotating frame: experiments using spin lock with alternating phase

Ivan S. Podkorytov and Nikolai R. Skrynnikov*

Department of Chemistry, Purdue University, West Lafayette, IN 47907-2084, USA

Received 27 February 2004; accepted 13 April 2004

Available online
Abstract

A spin lock comprised of radiofrequency pulses with alternating phase, ðxÞð�xÞðxÞð�xÞ . . ., is proposed as a new technique to

probe microsecond time-scale dynamics. A series of R1q measurements using different pulse duration tp allows one to determine

exchange rate, kex, the product papbðDxabÞ2 involving populations of the exchanging species, pa and pb, together with chemical shift

difference, Dxab, and the strength of the spin-lock field, B1. The interpretation is based on simple analytical expression for R1q

derived on the basis of Redfield theory. The application of the method is demonstrated for partially deuterated molecule of cy-

clohexane undergoing chair-to-chair interconversion at )9 �C.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

NMR spectroscopy is a unique method for probing

microsecond-to-millisecond time scale motions at

atomic level resolution. Many dynamic processes that

fall in this range are of primary interest for organic,

organometallic, and biological chemistry. For example,

in the context of protein studies NMR techniques were

recently used to probe ligand binding [1,2], protein
folding [3], and enzymatic catalysis [4].

Information about ls to ms dynamics is obtained

from broadening of spectral lines. This effect can be

interpreted in a general manner using the master equa-

tion for spin density matrix supplemented with an ex-

change superoperator [5]. In the important case of fast

dynamics, exchange broadening can be described by

Redfield theory and expressed as a relaxation contribu-
tion due to stochastic modulation of isotropic chemical

shift, Rex [6]. Redfield-type analyses have been carried

out for various motional models including multi-site

exchange [7] and in the context of multi-spin systems [8].
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Fast-to-intermediate time-scale chemical exchange
can be most readily studied using the dependence of Rex

on the strength of the applied radiofrequency (RF) field.

Two basic experimental schemes have been employed so

far toward this goal: (i) continuous-wave spin lock with

constant amplitude and phase [6] and (ii) Carr–Purcell–

Meiboom–Gill (CPMG) train of hard 180� pulses [9].

The first experiment is usually interpreted in the rotating

frame of reference where the energy levels of the spin-1/2
system are separated by �hx1 (x1 represents the strength

of the spin-lock field). The increase in x1 widens the gap

between the energy levels. As a result, the stochastic

motion becomes less efficient in causing relaxation

transitions between the said energy levels. This effect

manifests itself through the Redfield-theory spectral

density, Jðx1Þ ¼
R1
0

dsGðsÞ expð�ix1sÞ. In the case

when correlation function GðsÞ has simple exponential
form [7], Jðx1Þ declines monotonically with x1. The

resulting dependence of Rex on x1 is known as the

‘‘relaxation dispersion curve.’’

Considering the CPMG approach, the argument can

be made that 180� pulses refocus the chemical shift

evolution and thus prevent the build-up of randomly

modulated phase which is the basis of exchange broad-

ening [10]. Introducing the effective RF field associated
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Fig. 1. An alternating-phase pulsed spin-lock sequence used to measure

RAP
1q . The length of the pulse tp was varied from 8.5 to 498.5ls with

interpulse delay d ¼ 1:5ls. Purging pulse was applied with phase x and

duration of 4ms. The duration of the spin-lock period, T ¼ 2Nðtp þ dÞ,
was up to 200ms, corresponding to 20,000 phase-switching events in

the case of ‘‘fine slicing,’’ tp ¼ 8:5ls.
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with the train of pulses, xeff
1 ¼ p=f, where f is the delay

between the two consecutive pulses, one can observe

that Rex declines with increase in xeff
1 , similar to the case

of continuous-wave spin lock.

It is useful to summarize the expressions for ex-

change-induced relaxation rates measured in the two

experiments for a single spin exchanging between two

non-equivalent sites:

RCW
1q ¼ papbðDxabÞ2sex

1

1þ ðx1sexÞ2

" #
; ð1Þ

RCPMG
1q ¼ papbðDxabÞ2sex 1

�
� 2xeff

1 sex
p

tanh
p

2xeff
1 sex

�
:

ð2Þ

Here sex ¼ 1=ðkab þ kbaÞ is the correlation time of the

exchange process expressed through the direct, kab, and
reverse, kba, exchange rates, and pa and pb ¼ 1� pa are

the populations of the states a and b. The results of Eqs.

(1), (2) are valid when Dxabsex � 1. This condition as-

serts the validity of Redfield approach and corresponds

to the fast exchange regime when a single spectral line is

observed at the frequency xobs ¼ paxa þ pbxb. The re-

sults are given for an on-resonance case when the carrier

is set at xobs.
Here we suggest that both spin-lock and CPMG ex-

periments can be viewed as representatives of the broad

class of rotating-frame experiments employing ampli-

tude and phase-modulated RF fields. Another experi-

ment that falls in this general category is adiabatic spin

lock introduced by Tollinger and Konrat [11]. All these

experiments are suitable for studies of ls to ms time

scale chemical exchange. The philosophy of this ap-
proach is briefly outlined below (cf. discussion of time-

dependent spin Hamiltonians by Goldman [12]).

Let us assume that the amplitude of theRFfield is time-

dependent,x1 ¼ x1ðtÞ. The Redfield-theory treatment of

spin relaxation leads then to the generalized form of

spectral densityK ¼
R1
0

dsGðsÞ expð�i
R t
t�s x1ðt0Þdt0Þ (see

Appendix A, Eq. (A.6), for details). The exponential

factor in the expression forK can be expressed in terms of
Fourier transform, expð�i

R t
t�s x1ðt0Þdt0Þ ¼

R1
�1 Sð~x1; tÞ

expð�i~x1sÞd~x1. Note that non-trivial Fourier spectrum

Sð~x1; tÞ reflects modulation of the energy levels arising

from time-dependent x1ðtÞ. Making the substitution in

the expression forK and reversing the order of integration

one obtains K ¼
R1
�1 Sð~x1; tÞJð~x1Þd~x1. Thus, K can be

viewed as the generalized spectral density that encodes

multiple spectral components of the correlation function
GðsÞ. It also can be described as polychromatic spectral

density in contrast to monochromatic Jðx1Þ which en-

codes a single spectral component of the correlation

function.

In practice, the amplitude of the RF field, x1ðtÞ, can
be varied on the time scale of several microseconds. This
is fast compared to the exchange rates of interest (sex is
in ls to ms range). This situation can be contrasted with

relaxation experiments in the laboratory frame. For

obvious technical reasons, Zeeman frequency x0 cannot

be changed on the scale of typical correlation times (ps

to ns). The fact that the external field x1ðtÞ can be

rapidly varied on the time scale of the correlation time

makes the generalized spectral density K an interesting

new object within the framework of Redfield theory.
In this paper we present the experiment for relaxation

measurements in the rotating frame employing alternat-

ing-phase (AP) spin lock. This experiment can be viewed as

another member of the general class of relaxation dis-

persion experiments discussed above. The theoretical

treatment of the AP spin-lock experiment leads to closed

analytical expression along the lines of Eqs. (1,2). The

results are confirmed by experimental measurements on a
sample of cyclohexane undergoing chair-to-chair trans-

formation. It is demonstrated that the scheme can po-

tentially have a number of practical advantages.
2. Results and discussion

A simple pulse sequence employing spin lock with
alternating phase, ðxÞð�xÞðxÞð�xÞ . . . ðxÞð�xÞ, is shown

in Fig. 1. The spectral properties of the ðxÞð�xÞ pulse

train have been previously used for spin decoupling [13]

and Hartmann–Hahn magnetization transfer [14]. In

our experiment, alternating-phase spin lock is used as a

new probe for ls time-scale dynamics. The spin-lock

period in the pulse sequence Fig. 1 is comprised of pulses

of duration tp separated by short service delays d (nec-
essary for clean phase-switching). The total duration of

the spin-lock period formed in this manner is

T ¼ 2Nðtp þ dÞ. The last pulse before the acquisition

period plays the role of the purging pulse (necessary for

instrumental reasons as discussed later).

As in the case of the original spin-lock studies [6], our

experiment is aimed at the spin systems in the fast ex-

change regime, Dxabsex � 1, where two exchanging
species give rise to a single spectral line at the frequency

xobs ¼ paxa þ pbxb. The relaxation rate constant for
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this line under conditions of alternating-phase spin lock
can be calculated using Redfield theory formalism [12]

(see Appendix A for details):

RAP
1q ¼ papbðDxabÞ2sex

1

1þ ðx1sexÞ2

" #
f ðu; hÞ; ð3AÞ

f ðu; hÞ ¼ 1þ 2u2

1þ u2

coshðh=uÞ � cosðhÞ
ðh=uÞ sinhðh=uÞ ; ð3BÞ

where two new variables have been introduced for
brevity, u ¼ x1sex and h ¼ x1tp. Angles h and u define,

in dimensionless form, two time intervals that are im-

portant for the problem at hand. The formula Eqs. (3A)

and (3B) holds for the on-resonance case where the

carrier frequency is set equal to xobs. Short interpulse

delays d have been ignored in the derivation (see below).

Note that the result for RAP
1q , Eq. (3A), has the same

structure as thewell-known formula forRCW
1q , Eq. (1),with

the difference expressed by the factor f ðu; hÞ. It is easy to
verify that f ðu; hÞP 1. Thismeans that alternating-phase

spin lock is less efficient in suppressing the exchange

broadening than conventional spin lock of the same am-

plitude. The dependence ofRAP
1q onu and h is illustrated in

Fig. 2.

The limiting case of the continuous-wave spin lock is

obtained when h � u ðtp � sex). In this limit
f ðu; hÞ ¼ 1 and RAP

1q ðuÞ follows the standard Lorentzian

dispersion profile, Eq. (3A). It is intuitively obvious that

for sufficiently long RF pulses our experiment becomes

indistinguishable from the cw spin lock experiment. This

conventional behavior is illustrated in Fig. 2 by the

cross-section A.
Fig. 2. A three-dimensional representation of the factor

f ðu; hÞ=ð1þ u2Þ describing the dependence of RAP
1q , Eqs. (3A) and (3B),

on u ¼ x1sex and h ¼ x1tp. The shaded region approximately corre-

sponds to the range of u sampled in our experimental measurements.

Three different cross-sections are indicated by the arrows, including

cross-section B at h ¼ 3:14ð180�). The surface shown in the plot can

also be parameterized in terms of u and b ¼ tp=sex, cf. Eqs. (3A) and

(3B). This alternative representation (not shown) is convenient for

visualizing the dependence of RAP
1q on x1.
This result can be also rationalized using the fol-
lowing simple argument. When the value of h is large,

each individual pulse in the pulse train Fig. 1 effectively

consists of a number of back-to-back 180� pulses.

These 180� pulses refocus the random phase that is

accrued by magnetization exchanging between the two

states with different resonance frequencies [10]. The

application of the RF field therefore suppresses ran-

dom dephasing and eliminates line-broadening induced
by chemical exchange. This effect is not different from

the effect of continuous-wave spin lock. Infrequent

phase-switching turns out to be unimportant in this

context.

In contrast, when the value of h dips below 180� the
pulse train ðhxÞðh�xÞðhxÞðh�xÞ . . . looses its refocusing

properties. For example, the pair of consecutive pulses

(5�xÞð5��x) does nothing to refocus chemical shift evolu-
tion. As a result, application of RF pulses does not

prevent the dephasing of magnetization due to chemical

exchange. In the limit of h approaching zero the RF

pulses become completely ineffectual and the dispersion

profile is flat (cross-section C in Fig. 2). The transition

between the two regimes corresponding to large and

small values of h occurs in the vicinity of h ¼ 180�
(cross-section B in Fig. 2).

The analytical formula Eqs. (3A) and (3B) was vali-

dated using numeric simulations. For instance, we used

numeric methods to generate the analogue of the surface

shown in Fig. 2 (see Section 3 for details of calculations).

In brief, the evolution of spin magnetization during the

course of the experiment was modeled using Bloch–

McConnell equation [15] involving 6� 6 matrices. The

simulations were carried out using the set of parameters
suitable for conformational exchange in cyclohexane [6]:

pa ¼ pb ¼ 0:5, Dxab=ð2pÞ ¼ 250Hz, sex ¼ 40ls. Signal

intensities were evaluated for T ¼ 0 and T ¼ 60ms and

used to calculate the relaxation rates, RAP
1q . These rates

were subsequently compared with the analytical results,

Eqs. (3A) and (3B).

Excellent agreement was obtained between the nu-

meric and analytical results. Over the entire range of u
and h sampled in Fig. 2 the difference in RAP

1q did not

exceed a small fraction of one percentage point, 0.07%.

Similar negligible errors were found for other values of

T in the range from 10 to 200ms.

Fig. 2 demonstrates that the rate of phase switching

represents a new control parameter that can be used to

tune the effective strength of the RF field without altering

the amplitude x1. The experiment shown in Fig. 1 has
been designed to make use of this favorable property.

Accordingly, further discussion focuses on the depen-

dence of RAP
1q on h (or, more specifically, the length of the

pulse tp). It is noteworthy that this dependence has dis-

tinctive shape which includes, for large values of u,
modest sinusoidal modulation (see Eqs. (3A) and (3B)

and Fig. 2).
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The molecule of cyclohexane was chosen as a model
system to probe the effect of alternating-phase spin lock

on the spinmagnetizationundergoing chemical exchange.

Chair-to-chair transformation in cyclohexane has been

extensively studied by different methods including spin-

lock and CPMG experiments [6,16–18]. The transfor-

mation involves interconversion of six axial and six

equatorial protons, pa ¼ pb ¼ 0:5, Dxab � 0:5 ppm. To

avoid potential complications from homonuclear J-cou-
plings, we choose to study the sample of deuterium-la-

beled cyclohexane, C6D11H.

Experimental relaxation rate constants RAP
1q measured

as a function of pulse length tp are shown in Fig. 3. The

experimental data span the region of u,h space ap-

proximately corresponding to the shaded area in the

plot of Fig. 2. The data were fitted using two or three

floating parameters, as summarized in Table 1. The re-
sults are in good agreement with the values previously
Table 1

Best-fit parameters for two-site chemical exchange in cyclohexane

Dxab=ð2pÞ (Hz)a sexðls)a

CW spin lock with variable x1

244.7� 0.8 — 40.1� 0.4

AP spin lock with variable tp
11 dB 245.4� 0.8 243� 2 39.2� 0.3

12 dBb 244� 1 233� 3 39.5� 0.6

244� 2 235� 4 39.3� 0.7

13 dB 250.5� 0.7 250� 2 38.2� 0.3

18 dB 252� 3 260� 10 37� 1

a Left column corresponds to two-parameter (sex, Dxab) fit. The strength

calibrating 360� pulse. Right column corresponds to a three-parameter (sex,
b The data from repeat measurements.

Fig. 3. Proton relaxation rate constants RAP
1q measured in cyclohexane

C6D11H using the pulse sequence Fig. 1 with different spin-lock

strengths x1=ð2pÞ: s, 3.45 kHz; �, 6.10 kHz; r, 6.76 kHz; and *,

7.52 kHz. The solid lines are three-parameter (sex, Dxab, and x1) best-

fit curves obtained with Eqs. (3A) and (3B). The measurements were

carried out at )9 �C.
reported in the literature, Dxab=ð2pÞ ¼ 253Hz and
sex ¼ 44:5 ls, determined under the same experimental

conditions [18].

The experiment shown in Fig. 1 is rather demanding

with respect to the spectrometer hardware operation. In

our measurements, each scan involved up to 20,000

phase-switching events. Even slight phase instability can

be detrimental in this context. Using a Bruker spectrom-

eter and pulse programming syntax (described in Section
3) we achieved a near-satisfactory performance of the

sequence. In particular, a 1.5 ls interpulse delay d was

chosen as a compromise value allowing for reasonably

clean phase-switching (with our spectrometer we found

that shorter delays led to severe distortions whereas

longer delays, up to 3.0 ls, produced no visible improve-

ment in the quality of data). However, we were unable to

completely eliminate spurious effects from rapid phase-
switching. Specifically, it has been found that by the endof

the spin-lock period themagnetization deviates by a small

angle, less than 20�, from the direction of the locking field.

The deviationwas reproducible fromonemeasurement to

another and dependent on the length of the spin-lock

pulse tp. In the relaxation experiment of Fig. 1 this effect

manifested itself as small pseudo-random phase distor-

tion occurring through the series of spectra recorded with
different values of N.

Since these phase distortions clearly represented in-

strumental artifact, we decided to erase the small com-

ponent of magnetization orthogonal to the direction of

the spin-lock field. With this goal in mind, we tested an

extended phase-cycling scheme but did not observe any

improvement. Finally, we opted for the purging pulse

inserted in front of the acquisition period (note that a
special pulse is needed to dephase the orthogonal com-

ponent of magnetization since the pulse train in the se-

quence of Fig. 1 is self-compensated with respect to RF

field inhomogeneity). The values of RAP
1q obtained with

and without the purging pulse proved to be identical.

However, application of the purging pulse was deemed

useful since it automatically ensured proper phasing of

the spectra.
x1=ð2pÞ (kHz)a

— 0–6.76 —

39.9� 0.5 7.52 7.41� 0.06

42� 1 6.76 6.3� 0.1

42� 1 6.4� 0.1

38.3� 0.6 6.10 6.08� 0.09

35� 3 3.45 3.6� 0.3

of the RF field (indicated in the shaded area) has been determined by

Dxab, and x1) fit, as illustrated in Fig. 3.
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Following the application of the purging pulse, the x-
projection of spin magnetization is passed for detection.

The magnitude of the x-projection, however, slightly

varies from one spectrum to another, which leads to

pseudo-random modulation of the relaxation curves.

Fig. 4 shows the data from the constant-time experiment

where the duration of the spin-lock period was main-

tained constant, while the length of the ‘‘slice’’ tp was

varied. Fig. 4A shows the intensity of the TMS signal as
a function of tp. The flat profile indicates the absence of
chemical exchange. Pseudo-random deviations with the

amplitude of ca. 6% (� 1� cos 20�) are clearly seen in

the graph. The data for cyclohexane are presented in
Fig. 4. Intensities of the proton spectral lines from (A) tetramethylsi-

lane and (B) cyclohexane-d11 obtained using the pulse sequence Fig. 1

with T ¼ 60ms and variable pulse duration tp. In each of the mea-

surements, (A) and (B), the RF carrier was set on resonance with the

spectral line of interest. The data were collected on a sample containing

12% of cyclohexane and 1% of TMS at proton resonance frequency

499.89MHz, RF field strength x1=ð2pÞ ¼ 6:76 kHz, and temperature

)9 �C. Solid line in (B) corresponds to four-parameter fit with Eqs.

(3A) and (3B) yielding the following best-fit values: sex ¼ 39� 4ls,
Dxab=ð2pÞ ¼ 250� 20Hz, and x1=ð2pÞ ¼ 6:8� 0:2 kHz (the fourth

parameter that defines the intensity scale is of no interest). For com-

parison, a two-parameter fit of the same data yields sex ¼ 38:7� 0:5ls
and Dxab=ð2pÞ ¼ 247:5� 0:7Hz.
Fig. 4B. This profile can be viewed as a constant-time
analogue of the curve (rÞ plotted in Fig. 3 (peak in-

tensities in Fig. 4 can be converted into relaxation rate

constants in Fig. 3). The cyclohexane data show pro-

nounced variation as a function of tp which indicates the

presence of chemical exchange. Note that pseudo-ran-

dom deviations observed in this profile clearly follow the

same pattern as in Fig. 4A. This confirms the instru-

mental origin of the effect. While we do not have a
specific explanation for this behavior, we would like to

emphasize that (i) it is hardware-specific and probably

can be overcome using the latest-generation hardware

and (ii) it does not interfere in any significant way with

the measurements of chemical exchange. It is interesting

to note that comparable artifacts were recently en-

countered (and successfully suppressed) in multiple-

quantum version of CPMG experiment which does not
have the self-compensating properties of the original

sequence [19].

In what follows we briefly discuss the prospects for

application of alternating-phase spin lock in studies of

ls to ms motions in proteins. The treatment presented in

this paper is limited to on-resonance case. If RF carrier

frequency is different from xobs then two consecutive

spin-lock pulses, hx and h�x, produce two effective fields
that are no longer collinear. As a result magnetization

travels on a complex path involving multiple cones of

precession [20]. While off-resonance experiment can be

analyzed along the same lines as on-resonance, the

correct interpretation is predicated on the accurate

knowledge of the carrier offset.

In the context of potential protein studies this prob-

lem has two aspects. First, on-resonance experiment
must be performed separately for each individual peak

in the spectrum. Second, the position of the RF carrier

should be carefully adjusted each time to coincide with

the center of the peak.

The first requirement does not necessarily constitute a

serious limitation. The series of spectra with arrayed RF

carrier frequency have been recorded in off-resonance

spin-lock studies [21,22] and in the studies using weak
spin-lock fields [23]. In most cases the number of resi-

dues affected by chemical exchange is relatively small

[24,25] and the corresponding spectral peaks can be

easily identified by standard methods. Hence, multiple

measurements using on-resonance alternating-phase

spin lock do not need to be exceedingly time-consuming.

The second requirement warrants more thorough

discussion. As described above, our sequence is highly
sensitive to the offset effects. In particular, the simula-

tions indicate that even a small offset affects the shape of

the relaxation profile. To investigate this effect, we

simulated the relaxation dispersion curves correspond-

ing to the constant-time experiment such as shown in

Fig. 4. The data were simulated assuming the presence

of a small offset and subsequently compared with the
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results from the on-resonance formula Eqs. (3A) and
(3B). It was found that the offset of 0.3Hz presents no

problem. The deviations in the estimated relaxation

rates did not exceed 0.5%. Furthermore, the fitting of

the simulated data with on-resonance formula resulted

in less than 0.7% error in the extracted values of Dxab

and sex. However, already the offset of 1.0Hz produced

5% error in effective RAP
1q rates and up to 7% errors in the

best-fit parameters. Therefore, it is important to ensure
that the carrier frequency is set with the accuracy of

0.3Hz or better. In our recent experience involving mid-

sized protein T4 lysozyme, it was possible to determine

the resonance frequencies of the spectral peaks with the

accuracy of better than 0.2Hz [26]. The residual dipolar

coupling studies typically claim precision of 1Hz or

better (in some cases as good as 0.1Hz) [27]. Since re-

sidual dipolar couplings are usually obtained from an-
alyzing a pair of doublets, this translates into precision

of at least 0.5Hz with regard to the position of indi-

vidual peaks. We conclude therefore that it is possible to

ensure the necessary precision in setting the RF field

carrier even in the case of broad spectral lines. Note that

special care should be taken to determine the resonance

frequencies under the same heating conditions as in the

alternating-phase spin lock measurements.
In the context of potential protein applications one

should also mention the problem of heteronuclear J-

couplings. As can be expected, scalar coupling becomes

fully operational in the limit of short tp (small h) and

strongly interferes with the results of measurements.

This spurious effect can be suppressed by means of on-

resonance cw decoupling. In the case of 1H–13C pair

from cyclohexane, our simulations indicate that 13C cw

decoupling performs well starting from RF field strength

of ca. 300Hz (except for rare situations where one or

two data points from the relaxation dispersion profile

are affected by Hartmann–Hahn transfer).

The described experimental technique offers certain

practical advantages for quantitative studies of chemical

exchange. In effect, the sequence allows for adjustment

of RF field strengths by varying the length of the spin-
lock pulse tp. The range of RF field strengths that can be

accessed in this manner is the same as in cw spin lock

experiment and superior to the CPMG sequence where

high xeff
1 are not available because of the sample and

probe overheating.

Furthermore, the analysis of experimental data ob-

tained with the alternating-phase spin lock experiment

does not necessarily require calibration of x1. Instead,
as shown in Table 1, x1 can be determined by direct

fitting. This feature is reminiscent of the CPMG exper-

iment where RF field calibration is not needed (except

for hard 180� pulses). In contrast, the cw spin lock ex-

periment is dependent on x1 calibration and the mea-

sured relaxation rates can be biased as discussed below

[28].
In brief, when RF field is calibrated via 360� pulse the
observed signal originates from both the central part of

the sample (where B1 is strong and homogeneous) and

from the edges (where B1 is weak and inhomogeneous).

The RF field strength determined in this fashion repre-

sents the weighted average of these two contributions.

The situation is different in multidimensional heteronu-

clear experiments. In these experiments signal originates

almost exclusively from the central part of the sample (the
response from the edges is greatly reduced because theRF

field is weak in these regions and multiple hard pulses

applied during the course of the sequence perform poor-

ly).As a result, effective spin-lock strength that needs to be

considered in the analyses of multidimensional experi-

ments is several percent higher than x1 determined from

360� pulse calibration [29]. This discrepancy directly

translates into error in sex. To avoid this error, special
calibration experiments may be required for each indi-

vidual pulse sequence [28]. Our approach is free of this

complication so long as x1 can be used as a fitting pa-

rameter (simulation results; not shown).

Finally, the new experimental scheme avoids undesir-

able variations in sample heating. Considering the con-

stant-time experiment, Fig. 4, the amount of sample

heating does not change with variation of tp. On the
contrary, use of the cw spin lock with variable x1 or the

CPMG train with a variable number of pulses can pro-

duce a series of spectra corresponding to somewhat dif-

ferent sample temperatures. This would cause subtle,

yet significant, distortions in the relaxation dispersion

profiles.

Wang and Bax reported the sample heating of 3 �C in

a heteronuclear two-dimensional experiment at
600MHz proton frequency using a sample with inter-

mediate ionic strength [30]. Furthermore, the amount of

heating increases at higher magnetic fields (scales ap-

proximately quadratically with x0) and at higher ionic

strengths. In the case of cyclohexane, 3 �C heating cau-

ses 20% reduction in sex. Since the degree of heating

varies in cw spin lock and CPMG experiments, this can

be viewed as a measure of uncertainty potentially asso-
ciated with these experiments.

The adverse effects of variable RF power are not

limited to variations in the temperature of the sample.

As recently documented by Guenneugues et al. [28], high

level of RF power can cause an amplifier droop and/or

detuning of resonance contour, leading to appreciable

bias in dispersion profiles. The effect can be especially

severe in cryogenic probes.
Wang and Bax [30] proposed the temperature com-

pensation scheme that involves additional RF irradiation

during the interscan delay. With regard to constant-time

relaxation dispersion experiments, this approach means

that RF power applied during the compensatory irradi-

ation period should be adjusted a number of times

to ensure that the temperature of the sample remains
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unchanged throughout the series of measurements.
Considering the fact that the two irradiation periods are

separated in time (e.g., by evolution period t1) it may be

difficult to predict the steady-state temperature of the

sample and ensure the exact compensation. Further-

more, this approach may not guard against the droop-

ing/detuning effects mentioned above. In this respect our

method that utilizes the dependence of RAP
1q on tp pro-

vides an attractive alternative since it is intrinsically
temperature-compensated.

In conclusion, cw spin lock, CPMG, AP spin lock, as

well as hypothetical other experiments that probe

chemical exchange using amplitude- or phase-modu-

lated RF fields, essentially encode the same information.

However, each of these experiments has its own prac-

tical advantages. Furthermore, it can be expected that

an array of different experiments can provide a better
handle on fine details of dynamic processes. For exam-

ple, a combination of measurements may help to dis-

criminate between different exchange regimes [31] or to

identify 3-site exchange processes [32].
3. Materials and methods

499.89MHz 1H NMRmeasurements were carried out

at )9 �C on a Bruker DRX-500 NMR spectrometer

equippedwith a 5mmTBIHCXZprobe (1Hobserve, 13C

and BB decoupling, z-axis gradient). The durations of

360� pulses at 0, 11, 12, 13, 15, 18 21, and 24 dB power

levels were 37.3, 133, 148, 164, 205, 290, 402, and 580 ls,
respectively. The sample used in this work contained

81.7% CS2 (Aldrich), 12% C6D11H (C/D/N Isotopes),
5.3% CD2Cl2 (Aldrich), and 1% TMS (Aldrich). The

composition of the sample exactly matched that of

[17,18]. All compounds were used as purchased without

further purification. The sample was not degassed to

avoid exceedingly long T1 times and recycling delays. The

spectrometer was locked using deuterium signal from

C6D11H.

The alternating-phase spin lock sequence (see Fig. 1)
was programmed in a number of different ways. Best

results were obtained using the statement cpds1 [33].

This command calls the external file that contains an

infinite loop encoding alternating-phase pulses, hx and

h�x, separated by service delay d. The purging pulse was

applied with the same power as spin-lock pulses and had

the length of 4ms.

Each experimental point in Fig. 3 was obtained from
the complete relaxation curve (eleven different T values

for each tp setting). The shortest T used was 20 ls and

the longest was approximately 200ms. The relaxation

rate constants RAP
1q were extracted using the program

t1=t2 which is the part of Xwinnmr package from Bru-

ker [34]. In the constant-time experiment, Fig. 4, T was

set to 60ms. All spectra were acquired using a single
scan and recycling delay of 100 s (approximately six
times the longitudinal relaxation time, T1 ¼ 16:2 s).

The conventional cw spin lock measurements were

carried out at power levels 12, 15, 18, 21, and 24 dB re-

sulting inRCW
1q values of 6.25, 9.80, 13.6, 16.9, and 19.6 s�1,

respectively. In addition, RCW
1q value at x1 ¼ 0 was ob-

tained from the measurement using a single Hahn echo

(23.9 s�1).

The exchange parameters, sex and Dxab, together with
the RF field strength, x1, were obtained by least-square

fitting of the relaxation rate constants RAP
1q using the

Matlab procedure fminsearch [35]. The data were fitted

to Eqs. (3A) and (3B) neglecting small contribution

(R2 � R1 ¼ 0:06 s�1) from relaxation mechanisms other

than exchange broadening. The standard deviations in

the fitted parameters were obtained from Monte Carlo

simulations (1000 runs) [36].
The calculations based on Eqs. (3A) and (3B) were

complemented by numeric simulations. The effect of the

pulse sequence Fig. 1 was simulated using Bloch–

McConnell equation [15] involving 6� 6 evolution ma-

trices for x-, y-, and z-components of spin magnetization

exchanging between two inequivalent sites. The relaxa-

tion rate constants RAP
1q were evaluated from the ratio of

signal intensities at T ¼ 0 and 60ms. In particular, the
simulations established that the presence of the inter-

pulse delay d has a negligible effect (less than 0.1%) on

the determined relaxation rates. Indeed, in the limit of

short spin-lock pulses, tp ¼ 8:5ls, the effect of the RF

field is effectively canceled by rapid phase-switching so

that the presence of idle time d ¼ 1:5ls with x1 ¼ 0 does

not alter the picture. In the case of long spin-lock pulses,

tp ffi 100ls, d constitutes a small fraction of the pulse
length and likewise proves to be inconsequential. Thus,

Eqs. (3A) and (3B) hold very well despite the presence of

the short service delays d.
Appendix A

Consider a single spin exchanging between two non-

equivalent sites, a and b. Under fast exchange condi-

tions, Dxabsex � 1, a single spectral line is observed at

the frequency xobs ¼ paxa þ pbxb. In the on-resonance

spin lock experiment the RF carrier is set at xobs, de-

fining thereby the rotating frame of reference. In this

rotating frame the Zeeman Hamiltonian becomes:

HZðtÞ ¼ DxabnðtÞIz; ðA:1Þ

where nðtÞ is a step-like random function which takes the

values of pb and �pa with the probabilities pa and pb,
respectively. The mean value of nðtÞ is zero, hnðtÞi ¼ 0,

and the correlation function is exponential, GðsÞ ¼
hnðtÞnðt þ sÞi ¼ papb expð�jsj=sexÞ.

The phase-alternated spin lock field in the rotating

frame of reference is described by the Hamiltonian



Fig. 5. Schematic representation of the functions: X1ðt0Þ, Eq. (A.2);

cðt; sÞ, Eq. (A.4); and j0ðtÞ, Eq. (A.7).

I.S. Podkorytov, N.R. Skrynnikov / Journal of Magnetic Resonance 169 (2004) 164–173 171
HRFðtÞ ¼ X1ðtÞIx; ðA:2Þ
where the amplitude X1ðtÞ is illustrated in Fig. 5A.

The starting point in our derivation is Eq. (279) from

the comprehensive work of Goldman [12], which de-

scribes the evolution of the spin-density matrix rðtÞ in

the presence of an arbitrary time-dependent RF field.

For the problem under consideration, this equation can

be written in explicit form as follows:

d

dt
rðtÞ ¼�i xobsIz;rðtÞ½ �� papbðDxabÞ2

�
Z 1

0

e�s=sex ½Iz; ½e�icðt;sÞIx Izeicðt;sÞIx ;rðtÞ��ds; ðA:3Þ

where

cðt; sÞ ¼
Z t

t�s
X1ðt0Þdt0: ðA:4Þ

The last term in the original Goldman formula cor-

responds to the equilibrium spin density matrix. It has

been omitted in Eq. (A.3) since in this treatment we

focus on transverse relaxation. Furthermore, we avoid
the Dyson time-ordering operator since the Hamiltonian

Eq. (A.2) commutes with itself at different moments in

time. Based on Eq. (A.3) the relaxation rate of interest

can be evaluated as:

RAP
1q ðtÞ

¼ papbðDxabÞ2
Z 1

0

e�s=sexTrfIx½Iz; ½e�icðt;sÞIx Izeicðt;sÞIx ; Ix��g

=TrfIxIxgds: ðA:5Þ

Note that the obtained relaxation coefficient depends on

time t. Using basic spin algebra Eq. (A.5) can be sim-

plified:

RAP
1q ðtÞ ¼ papbðDxabÞ2RefKg

¼ papbðDxabÞ2
Z 1

0

e�s=sex cos cðt; sÞds: ðA:6Þ
Fig. 5B shows the phase cðt; sÞ as a function of s for
given value of t. We shall split the domain of integration

in Eq. (A.6) into the intervals ½2ntp; 2ðnþ 1Þtp�, where n

is an integer beginning with 0, and evaluate partial in-

tegrals jnðtÞ ¼
R 2ðnþ1Þtp
2ntp

e�s=sex cos cðt; sÞds. Using the ex-

plicit form of cðt; sÞ, see Eq. (A.4) and Fig. 5B, the

integral j0ðtÞ can be written as

j0ðtÞ ¼
Z t

0

e�s=sex cosðx1sÞds

þ
Z tþtp

t
e�s=sex cosðx1ð2t � sÞÞds

þ
Z 2tp

tþtp

e�s=sex cosðx1ð2tp � sÞÞds ðA:7Þ

and evaluated in a straightforward manner. This result

is formulated for t in the interval from 0 to tp. Since
cðt; sÞ is periodic with respect to s with period 2tp, see
Fig. 5B, jnþ1ðtÞ ¼ expð�2tp=sexÞjnðtÞ. The partial inte-

grals, therefore, can be summed as terms of a geometric

progression leading to:

RAP
1q ðtÞ ¼ papbðDxabÞ2

1

1� e�2tp=sex
j0ðtÞ: ðA:8Þ

Finally, we determine the effective decay rate over the

interval of time t from 0 to tp (indicated in Fig. 5C):

RAP
1q ¼ papbðDxabÞ2

1

1� e�2tp=sex

1

tp

Z tp

0

j0ðtÞdt: ðA:9Þ

The result coincides with Eqs. (3A) and (3B) in the

text. From the symmetry considerations it is obvious

that the same effective decay rate RAP
1q would be in effect

for the subsequent time intervals, from tp to 2tp, from 2tp
to 3tp, etc.

The transition from Eqs. (A.8) to (A.9) warrants some

additional discussion. For the sake of example we

shall first consider the situation when tp is substan-

tially longer than sex. Considering the analytical result for
j0ðtÞ, Eq. (A.7), we note that it has a functional form

c1þc2 expð�t=sexÞ sinðx1tÞþc3 expð�t=sexÞ sinðx1ðtp�tÞÞ,
where the coefficients ck are time-independent. This

function, therefore, quickly reaches the plateau. For the
sake of argument, let us assume that the plateau is reached

after the time 5sex, as illustrated in Fig. 5C.

In the rotating frame of reference, the evolution of

transverse magnetization Mx is governed by

dMxðtÞ
dt

¼ �RAP
1q ðtÞMxðtÞ; ðA:10Þ

where RAP
1q ðtÞ is given by Eq. (A.8). According to the

fundamental assumption of the Redfield theory, the spin

observable MxðtÞ does not change substantially over the

period of time 5sex (this assumption is equivalent to the
condition Dxabsex � 1). Since the variation of MxðtÞ
during the period of time from 0 to 5sex is small, the

average decay rate can be defined over this time interval

according to:
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dMxðtÞ
dt

¼ � 1

5sex

Z 5sex

0

RAP
1q ðtÞdt4 5MxðtÞ: ðA:11Þ

Throughout the remaining period of time, from 5sex
to tp, the function j0ðtÞ is constant, see Fig. 5C. The
relaxation rate RAP

1q ðtÞ, Eq. (A.8), is therefore time-in-

dependent and meets the definition of a first-order ki-

netics rate constant. Formally, the average rate can be

defined via

dMxðtÞ
dt

¼ � 1

tp � 5sex

Z tp

5sex

RAP
1q ðtÞdt

2
4

3
5MxðtÞ: ðA:12Þ

Combining Eqs. (A.11) and (A.12) and invoking ex-

pression Eq. (A.8) for RAP
1q ðtÞ, we arrive at Eq. (A.9).

While in this discussion we assumed that tp is longer

than sex, the same reasoning applies for arbitrary tp.
It is worth noting that in the above treatment the

spin-lock period was assumed to be infinitely long so

that potential ‘‘edge effects’’ associated with the finite

duration of T were neglected. This is the standard fea-

ture of Redfield theory that also can be traced to the

assumption that the evolution of spin observables is

negligible on a time scale of sex. The derivation pre-

sented here is valid in the case of fast chemical exchange.

Different perturbation treatments are available to treat
the case of intermediate or slow exchange (cf. [37]).
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