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NMR signals from samples that rotate uniformly about the cen-
tral conductor of a TCD (toroid cavity detector) exhibit frequency
shifts that are directly proportional to the sample’s angular velocity.
This newly observed effect is based on the unique radiofrequency
field inside TCDs, which is variable in direction. If aliquid sample is
pumped through a capillary tube wound about the central conduc-
tor, the frequency shift is proportional to the flow rate. A mathemat-
ical relationship between a volumetric flow rate and the frequency
shift is established and experimentally verified to high precision.
Additionally, two-dimensional flow-resolved NMR spectroscopy for
discrimination between components with different flow velocities
yet retaining chemical shift information for structural analysis is
presented. The application of the two-dimensional method in chro-
matographic NMR is suggested. Furthermore, utilization of the
frequency-shift effect for rheologic studies if combined with toroid-
cavity rotating-frame imaging is proposed. © 2001 Academic Press
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INTRODUCTION

tates measurement of angular (i.e., tangential) flowin TCDs. Th
method is based upon directional changes in the local rotatin
frame of reference, which nuclei experience when migrating
about the central conductor. In an earlier approach, Kimmict
et al. (9) have suggested flow measurement8irfield gradi-
ents, which utilize differences in thg; magnitude rather than
changes in the direction of tH#, field to discriminate between
flow velocities. Accordingly, Kimmich’s approach would deter-
mine radial flow rather than angular flow if applied to TCDs.

PHASE OF MAGNETIZATION IN TCDs

It has been shown and extensively exploited beftré)that
the magnitude of th@®; field in cylindrical TCDs follows pre-
cisely the simple mathematical description

B = e (1]

whereA is the torus factor, i.e., the proportionality between the
B, field and the inverse ofthe radial distamd®). For a complete

TCDs toroid cavity detectors, Fig. 1) have become We”_plescription, however, it must also be considered thaBtHeeld

_TCDs runs concentrically about the central conductor with

established NMR resonators for insitu high-pressure NMR spé'e e . ; :
troscopy and rotating-frame NMR microscop; @). In both the direction ofB; continuously changing when traveling along

applications, they exhibit major advantages over other, mdRdnetic lines of force (Fig. 1). Accordingly, the properties of
conventional NMR resonators. For example, the cylindrical ggle By field are fully described by a vector field

ometry of TCDs and the confinement of the radiofrequency _Asing)

magnetic field B,) to within the resonator are especially suited '

for, and easily incorporated into, high-pressure autoclaSkes ( By = écos@) ) (2]
In addition, TCDs exhibit radially nonuniform, mathematically 0

well-defined B, fields @) for one-dimensional rotating-frame
microscopy and diffusiometry€7). In the vicinity of the cen- with the phase = wt + ¢ + «, Wherew is the radiofrequency,
tral conductor, theB; gradient is sufficiently strong to provide ¢y is the reference phase, amds the azimuthal angle in a cylin-
for spatial resolutions down to the micrometer scaledven drical coordinate systena(r, z) in which thez axis coincides
when standard spectrometer equipment is used (e.g., H banith the long axis of the TCD'’s central conductor. In both Eqgs.
50 W; X band, 300 W). [1]and [2], a dependency of th# field on thez axis of the TCD

In contrast to the spectroscopic and microscopic applicatioissneglected (i.e.A is independent of). This dependency was
referenced above, we now present an NMR technique that faailiscussed beforel()) based on the assumption that TCDs are
capacitively foreshortened coaxial resonators in which standin
waves (or fractions thereof) occur. However, the dependency we
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cussion, because they are not basedegffield effects but on
/’_\ homogeneity deficiencies of the main magnetic fidg)(
In TCDs, however, theB; field and, accordingly, the local
frame of reference depends upon the phasé Eq. [2]. Thus,
a single radiofrequency pulse flips magnetization at differen

central conductor can be envisioned (Fig. 3a). If magnetizatio
that has been fanned out in this way precesses at the transmit
frequency (i.e., on resonance), its phase remains constant w
respectto the local rotating frame, and its magnitude relaxes wit
the time constants. If, however, macroscopic angular flow oc-

curs about the central conductor, a phase shift between the me
netization and the local rotating frame is observed (Fig. 3b)

This phase shift is opposite to the direction of the impose
angular transport, so that the®4gunterclockwise sample rota-
7

tion shown in Fig. 3b induces a 486lockwise phase shift with

respect to the locaB; field. Similarly, a 90 counterclockwise
sample rotation (Fig. 3c) induces a’3fockwise phase shift. If

FIG.1. Schematic drawing of a typical toroid cavity detector. The magnetic
field lines are confined to the inside of the detector and lead concentrically about

the central conductor.

angular positions into different directions. For example, a sin
gle pulse during which the magnetization at a distinct radius i
__> rotated by 90 into positions pointing radially away from the

=

S

N
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not verified experimentally and, in addition, would not influence
the results of the method presented here.
For any point inside a TCD, Eq. [2] can be used to determine
the vector that fully describes the lodg| field, i.e., revealing
both the magnitude and the direction. Because radiofrequency
pulses flip magnetization with a nutation frequency that depends
on theB; magnitude and, in addition, with a phase that depends
on the B; direction, only B; fields that are homogeneous in
magnitude and direction achieve common flip angles and, simul- b)
taneously, common phases throughout a sample. In the center
volume of a Helmholtz coil, for exampl&; is reasonably ho-
mogeneous, so that a radiofrequency pulse (i.e., thepQBe)
that flips thez magnetization phase-correlated into theplane
may be determined (Fig. 2). If the sample tube is spun, angular
flow occurs about the center axis of the tube but it will not change
the phase of the magnetization with respedBtoTherefore, if FIG. 2. Schematic drawings of a horizontal cross section through a sampl
the transmitter coil is also used as the receiver coil, resonan&i? within the sensitive area of a Helmholtz saddle coil. (a) After‘ar@o

ith h dind dent of th le tube’ diofrequency pulse, transverse magnetizations at different locations are align
with a common phase and independent o tne sample tube's Ezﬂéllel. (b) If the sample tube is spun (clockwise or counterclockwise), the

gular velocity are detected. Spinning sidebands that som?tirﬂ%netizaﬂons change position but retain their phase with the homogeBgous
occur when a sample tube is rotated are neglected in this digé of the coil.
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FIG. 3. Schematic drawings of a horizontal cross section through a TC

ROTATION INDUCED FREQUENCY SHIFTS IN TCDs

In TCDs, a continuous phase shift of transverse magneti
zation with respect to the locd; is achieved, if a sample is
continuously rotated about the central conductor. Accordingly
frequency shifts similar to those predicted for other coil geome
tries by Goldmaret al. are expected, if the sample is rotated
with constant angular velocity. We have achieved this sampl
rotation with a liquid that was pumped through a capillary tube
with a constant flow rate. The capillary tube was wound tightly
about the TCD's central conductor in a helical fashion. Figure <
exemplifies the geometric parameteRs (;, andd;) of this cap-
illary helix. The expected frequency shifty, that is based on
the continuous change of the local rotating frame of referenc
is determined from the average angular flow velocity througt
the capillary. This velocity is proportional to the flow ratet,
whereV is the liquid volume, and is the time. Taking into
account that a 360sample rotation through the helix in Fig. 4
not only covers the circumferencer R but also the heighd,
the flow rateV /t and the geometric parameters of Fig. 4 lead to

1 Y,
Av = —( >—. [3]
ard/(2rR)2 +d2/ t
Equation [3] is based on the assumption that a positive samp
rotation leads to a negative frequency shift and vice versa. |

the capillary diameted;, is negligibly small compared with the
circumference, 2 R, Eq. [3] simplifies to

1 \V
Av=—(— )~ 4
Y <2n2rt2R)t 4]

D.

(a) After a 90 radiofrequency pulse, transverse magnetization is fanned out,

e.g., pointing away radially from the central conductor. If the sample is rotated

counterclockwise, e.g., (b) by 4%r (c) by 90, the magnetization changes
angular position and phase with respect to the |&dield.

the magnetization precesses off resonance, macroscopic ang:

lar transport again shifts the phase with respect to the Bgal

however, this phase shift occurs in addition to the continuous| -
phase shift (i.e., frequency shift) caused by the off-resonance

precession.

The effects of magnetization transport in directional inhomo-
geneousB; fields and the accompanying phase shifts have been

discussed earlier by Goldmantal. (11). In addition, frequency

shifts were predicted in NMR spectra, if the direction of the
B, field changes uniformly and continuously with the acquisi-

tion of the FID (reeinductiondecay). Goldmart al. obtained
these frequency shifts experimentally from sample rotation

the directional inhomogeneous fringe field of a single-loop cogalo

For optimum observation, the coil’s centdy field was aligned
parallel with the main magnetic field.

in

FIG. 4. Schematic drawing useful to define the geometric parameters of
illary helix wound tightly about the central conductor of a T€D.inner
capillary radiusp, outer capillary diametelR, radial distance from the TCD'’s

long axis to the capillary center.
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Laminar flow in capillaries, however, is characterized by a
parabolic velocity profile. Accordingly, frequency shifts calcu-
lated from Eq. [4] are volumetric mean values of a parabolic
frequency-shift distribution. As a result, inhomogeneous broad-
ening is expected for resonance lines that are shifted because of b)
the capillary flow. In contrast, Taylor dispersion (i.e., streamline
crossing because of diffusion perpendicular to the direction of a)
flow) is expected to compensate for the line broadening to some
extent.

Small frequency shifts are usually hard to determine in NMR
spectra recorded without a reference signal. Especially, quanti-
tative evaluation of the shifts is often obstructed by field drifts
that might occur during or between transient measurements. In
contrast, clearly visible and easy to analyze frequency shifts are
achieved in NMR spectra if only one part of aresonance signal is
shifted while the other one remains at its original position. Then,
the frequency shiftis quantified from the difference between two
signals of the same spectrum. Even more pronounced is the ef-
fect of signal splitting if one part of the signal shifts into one w
direction (e.g.;+Av) while the other part is shifted by the same
amount into the opposite directior-Av). Comparable to the
analysis ofJ couplings, the shift is now determined from half
the frequency difference between two signals=£ 2Av). To
obtain frequency shifts of equal magnitude in the positive and
negative directions in our TCD flow experiment, we wound the
capillary tube about the central conductor in a bifilar fashion

(Fig. 5), i.e., in a double helix. At the lower end of the helix, T T T T T 1
8 7 6 5 ppm

FIG.6. 'H NMR spectra of CHQ flowing through a bifilar-wound capil-
lary helix (Fig. 5) with different flow velocities. The signal splitting of the reso-
nance signal of CHGI(7.28 ppm) is the result of equal frequency shifts in the
positive and in the negative directions because of clockwise and countercloc
wise flow through the capillary helix. (&)/t = 8.00 ml min?, J = 332 Hz.

(b) V/t = 16.00 mImin 1, J = 64.1 Hz.

the tube was threaded through the central conductor. Durin
an experiment, equal amounts of sample now flow clockwisi
and counterclockwise through the capillary double helix. Fol
precise evaluation of angular flow velocity (Egs. [3] and [4])
in the double helix experiment, it must be taken into accoun
that the height covered by one 3&ample rotation is now twice
the capillary tube diameter @, and Eq. [3] must be amended
accordingly.

Figure 6 showsH NMR spectra of chloroform obtained with
two different flow rates through the bifilar helix. The typié¢#
chloroform singlet (7.28 ppm) obtained with conventional NMR
is split into two signals in the flow TCD spectra. The frequency
difference between the split signals depends upon the flow velo
ity and precisely follows twice the amount predicted by Eq. [4].
The highly constant flow rate that was necessary to obtain th
spectra of Fig. 6 was achieved with an HPL@h-performance
liquid chromatography) syringe pump (100 DM, ISCO Inc.,

FIG. 5. Schematic drawing of a capillary helix bifilar-wound about thd-incoln, Nebraska). The precision of Eq. [4] achieved with
central conductor of a TCD. the chloroform experiment is depicted in Fig. 7 in which the
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1 FIG. 8. Hypothetical two-dimensional spectrum as expected from chro-
matographic NMR. While chemical shift informatio8) (is exhibited horizon-
tally, different components (1, 2, and 3) are identified by their different flow
velocities ¢) resolved vertically.

Frequency Separation, Hz

20 7

wound about the central conductor, in which the angular flow
velocities are different for the individual components. Conse:
quently, different frequency shifts, which can be used for in
situ discrimination between components, are expected. In a
Flow Rate, mi min™ unknown mixture, however, the analysis of frequency shifts i
obstructed with the analysis of chemical shifts. Therefore, a two

FIG. 7. Plot of frequency splitting as a function of macroscopic flow rat¢jimensional flow-resolved technique in which one dimensior
through the bifilar capillary helix. Experimental data (circles) are compared%

10 T T T T .
2 4 6 8 10 12

th o . L hibits chemical shift information and the second dimensior
e best-fit linear regression (straight line) and show the accuracy of angujar . . . . .
requency shifts from angular flow is required (Fig. 8). Figure 9
shows the pulse sequence for such an NMR experiment adapt
from heteronuclead-resolved spectroscop$?). It consists of
frequency shift from different flow experiments is plotted agyltiple spin-echo transients in which the evolution perieds
a function of flow rate. The data fall on a straight line with @re incrementally increased. In addition, the sequence is sy
standard deviation of less thatD.65%. chronized with the flow through the capillary. While, in hetero-
The chloroform was pumped with the HPLC pump that wasyclearJ spectroscopy,) coupling is suppressed during the
located outside the NMR magnet. For the detection of reas@gcond evolution period bw”‘]ing ona decoup|er uni'[7 the
ably strong signals, however, Boltzmann equilibrium at highequency shift from angular flow must be eliminated during
magnetic field must be reached before the acquisition of thfis period byturning offthe flow. Although it is not trivial to
FID. Because relaxation to Boltzmann equilibrium takes aboiﬂfterrupt macroscopic flow within a very short time and with-
five times the longitudinal relaxation tim&,, a premagnetiza- out shock waves, flow-resolved NMR spectra were obtaine
tion reservoir of about 20 ml was mounted within the flow patﬁom the flow through the bifilar helix (F|g 5) by using a mag-
inside the probe right before the liquid entered the capillary-tubgtic valve that was incorporated into the capillary pathway
double helix. This reserVOirprOVided equilibrated magnetizati%fore the solution enters the TCD. The valve was positione'
even for the high flow velocities.

flow determination.

APPLICATION TO CHROMATOGRAPHIC NMR

90° T 180° T AQ
Samples under investigation often consist of components th : : P

must be separated before an effective spectroscopic analy: !

is conducted. Accordingly, chromatographic methods, such ¢ Flow \

LC (liguid chromatography) or HPLC, which usually precede

the spectroscopic analysis, have been developed. As an alt. t

native approach, we now propose a simultaneous, combined . -
FIG. 9. Pulse sequence for resolving angular flow velocities in two-

ghrqmatographlc and analytical teChn'que based on the qUaRiensional flow NMR. To obtain flow-resolved spectra, the evolution petiods
titative measurement of angular flow in TCDs. Instead of thge incrementally increased and utilized for the 2D Fourier transformation (AQ
capillary tube shown in Fig. 4, a chromatographic capillary iquisition time).
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underneath the superconducting magnet for its magnetic stray
field must not interfere with the NMR measurement. A spare
TTL connection from the NMR spectrometer’s pulse sequence
controller was used to gate the valve during the pulse sequence.
In addition, the valve was selected shut when its electromagnet
is turned off, since suppression of flow is faster this way than
vice versa. Figure 10 shows the two-dimensional flow-resolved
spectrum of chloroform flowing through the bifilar helix. In the
chemical shift dimension, thH chloroform signal is found at
7.28 ppm, while the second dimension reveals the clockwise and
counterclockwise flow about the central conductor with angu-
lar velocities of+21 and—21 Hz, respectively. The signals are
clearly resolved and demonstrate the capability of the proposed
2D NMR technique. Further experiments are currently under
way with chromatographic capillaries.

APPLICATION TO RHEOLOGIC NMR

The capillary-tube helices of the experimental setups in Fig. 4
and Fig. 5 were assembled to measure a narrow range of radial
distance within the TCD. Accordingly, pulse sequences exhibit
a reasonably uniform flip angle even in the TCD’s strongly in-
homogeneou®; field. Alternatively, however, thd3; gradi-
ent can be utilized for one-dimensional RFkbtating frame
microscopy) #). Hence, angular flow caused by sample rotation
(i.e., rotation-induced frequency shifts) can also be resolved as
a function of radial position. TCD microscopic technigues in
which flow properties are resolved as a function of spatial di-
mension will be termed rheologic RFM. A possible setup for
rheologic RFM is shown in Fig. 11 where the central conductor
of a TCD is rotated versus the outer cylinder. Alternatively, the
central conductor could be fixed while the outer body is spun.
The velocity profiles that occur when either the central conductor
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FIG. 11. Schematic drawing of a TCD for rheologic studies. If the central
conductor is spun versus the outer hollow body (or vice versa), a radially depe!
dent angular velocity profile occurs within the sample area of the TCD. Witk
rheologic RFM, this profile is resolved as a function of radial distance.

or the outer body is spun can be imaged with standard REM (
Based on the rheologic RFM concept, the construction of a rhe
ologic TCD probe with rotating central conductor is currently
under way.

CONCLUSION

A new NMR spectroscopic technique that greatly expand
the field of applications for TCDs is presented. It is found tha

FIG.10. Two-dimensionatH flow-resolved NMR spectrum obtained from sample rotation in the directionally inhomogened;dfield of

chloroform flowing through the capillary helix bifilar-wound about the centr
conductor (Fig. 5). The signal &t= 7.28 ppm (chemical shift axis) is split into
the two clearly resolved resonances of opposite flo®4 and—21 Hz, velocity
axis).

aJl'CDs leads to frequency shifts of NMR signals, which cor-

respond to the negative angular velocity of sample compc
nents. The effect is explained by a continuous phase shift (i.€
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rotation) of the local rotating frame of reference, which occurs$. K. Woelk, J. W. Rathke, and R. J. Klingler, The toroid cavity NMR detector,
for volume elements that travel alongBa field line. Accord- J- Magn. Reson. A09,137-146 (1994). _ _
ingly, the observation of frequency shifts is effectively connected- K- Woelk, J. W. Ra_tgkev ?”dd R. J. Klingler, Rotating-frame NMR mi-
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central C()_ﬂdUCtQF. While these. fre_quency shifts must be carg— K. Woelk, R. E. Gerald II, R. J. Klingler, and J. W. Rathke, Imaging diffusion
fully considered if sample rotation is applied as an NMR spec- i, toroid cavity probesJ. Magn. Reson. A21,74—77 (1996).

troscopic tool to TCDs, e.g., in MAS1agic-angle spinning)
for line narrowing in solid state NMRL@), they can be utilized
in applications such as chromatographic or rheologic NMR.
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