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Abstract

Radiation damping arises from the field induced in the receiver coil by large bulk magnetization and tends to selectively drive this
magnetization back to equilibrium much faster than relaxation processes. The demand for increased sensitivity in mass-limited samples
has led to the development of microcoil NMR probes that are capable of obtaining high quality NMR spectra with small sample volumes
(nL—pL). Microcoil probes are optimized to increase sensitivity by increasing either the sample-to-coil ratio (filling factor) of the probe or
quality factor of the detection coil. Though radiation damping effects have been studied in standard NMR probes, these effects have not
been measured in the microcoil probes. Here a systematic evaluation of radiation damping effects in a microcoil NMR probe is presented
and the results are compared with similar measurements in conventional large volume samples. These results show that radiation-damp-
ing effects in microcoil probe is much more pronounced than in 5 mm probes, and that it is critically important to optimize NMR exper-
iments to minimize these effects. As microcoil probes provide better control of the bulk magnetization, with good RF and B,
inhomogeneity, in addition to negligible dipolar field effects due to nearly spherical sample volumes, these probes can be used exclusively

to study the complex behavior of radiation damping.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Detection of water resonances through a tuned circuit
introduces an effect commonly known as radiation damp-
ing, which is a combined manifestation of the spin system
and the electronic resonance circuit assembly. This phe-
nomenon was first experimentally observed by Suryan [1],
while Bloembergen and Pound [2] provided the complete
mechanistic details. Qualitatively, the precessing transverse
magnetization of the nuclear spins after a radio frequency
pulse induces an electromagnetic field (emf) in the receiver
coil (Lenz law). This induced field exerts a torque that ro-
tates the water magnetization toward the z-axis in a tuned
coil, thus giving rise to the phenomenon of radiation damp-
ing. As a result of the ~110 M concentration of water pro-
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tons and of the typically high Q-factor of modern NMR
probes, radiation damping occurs on a time scale of tens
of milliseconds and it often interferes with solvent suppres-
sion schemes [3-5]. With the advent of ultrahigh-field mag-
nets (900 MHz and above) and the design of supersensitive
probes, the time constant for radiation damping is expected
to be even shorter, thus radiation damping is one of the
important problems in current NMR spectroscopy.

In general, NMR spectroscopy demands large sample
volume (500-800 uL), as it is an inherently insensitive
method. However, over the last decade the availability of
high field super-conducting magnets (>14 T) and steady
improvement in NMR probe technology have notably im-
proved the sensitivity of detection [6]. In particular, two
kinds of probe technology have been developed recently;
(a) probes with cryogenically cooled detector coils [7] that
have 2-4 times better sensitivity than standard probes
and (b) small volume probes [8,9] that are capable of
acquiring good quality NMR spectra from microliter [9]
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down to picoliter [10] sample volumes. While cryogenically
cooled probes lower the temperature to increase the sensi-
tivity, small volume probes achieve the same by decreasing
the diameter of the NMR detector coil.

Traditionally, small-volume NMR probes have found
application almost exclusively in the structural analysis
of mass-limited samples [11,12]. However, this trend
has been changing recently as reports describing the
use of such probes to study proteins [13-16] and DNA
[17] have appeared. NMR studies of biological molecules
require the sample to be dissolved in aqueous solutions,
in particular at high percentage of H,O. Though radia-
tion damping effects have been studied extensively in
standard probes [18-20], to my knowledge this is the first
experimental work to investigate these effects in a micro-
coil probe. Intuitively, microcoil probes are expected to
have noticeable radiation damping effects, as these
probes are optimized for increased sensitivity. At the
same time, the sample volume in these probes is 1-2 or-
ders of magnitude less than the standard probes, suggest-
ing these effects may be minimal. To understand these
differences, a systematic evaluation of the effect of radia-
tion damping in a microcoil probe, and comparison of
the results with those from a similar evaluation of this
effect in standard NMR probes. The results presented
demonstrate that radiation damping in microcoil probes
is significant and comparable to the standard 5 mm
probes. These results hence suggest that precautions must
be considered to suppress and eliminate these effects for
optimal experimental results.

2. Materials and methods
2.1. Spectrometer and probes

All NMR experiments were performed on a Varian
INOVA (vg = 600 MHz) NMR spectrometer at room tem-
perature (25 °C). Three different NMR probes were used:
(a) Triple resonance capillary microcoil NMR probe (Cap-
NMR, MRM, Savoy, USA), (b) 5 mm inverse detection
(ID) probe with Z-gradient (Varian, Palo Alto, California,
purchase year 1997, Signal-to-noise ~900:1 in standard
sample), and (c) 8§ mm triple-resonance, Z-axis gradient
probe (Varian, Palo Alto, California, purchase year 1997,
Signal-to-noise ~1400:1 in standard sample). Water used
in the experiments was passed through a MilliQ reverse
osmosis system (Milli-RX12, Nihon Millipore, Yonezawa,
Japan) and a 0.05 um polycarbonate membrane (Coster
Scientific, MA). As an internal lock, D>O (99.9% enriched,
Cambridge, MA) (5% of total volume) was added.

For the CapNMR probe, the flow cell volume was 25 pl.
with an active volume of 5 pL. Gastight syringes (Hamil-
ton, USA) were used to inject the water sample. The probe
has an S/N ratio of 32:1 (200 Hz noise window) using a
10 mM sucrose (anomeric proton) sample in D,O (four
scans, no presaturation, and no line broadening). The total
volume of the water in the 5 and 8 mm sample tubes was

550 and 730 pL, respectively. The samples were tuned using
the standard Varian spectrometer’s tune bridge and the
shims were manually adjusted to obtain the optimum
sensitivity.

2.2. Measurement of radiation damping time constant

The radiation damping time constant (1z)) was deter-
mined using inversion recovery of the water magnetiza-
tion as described by Chen et al. [21] using a standard
inversion recovery experiment (180°-7t—90°-acquire). The
acquisition time for each transient was 0.682s over a
spectral width of 12,000 Hz. Each FID (free induction
decay) was signal averaged over four scans with a recy-
cling delay of 40s. A total of 107 values of v was used
to range from 0.0001 to 2s for the inversion recovery.
The measurement was repeated in quadruplicate under
identical conditions to estimate the experimental error
in the measured signal intensity. Time domain data were
zero filled once and no apodization was applied prior to
complex Fourier transformation. The area under the
water resonance was integrated (spectral window of
2500 Hz) and used to determine the radiation damping
time constant, as described below.

The time constant of radiation damping (tgzh) in SI
units is given by [2,19,22]

Tl;]ID = 27”7Qc’yM05 (1)

where 7 is the filling factor, defined as the ratio of the probe
coil volume to the sample volume enclosed within, Q. is the
quality factor of the resonance circuit (Q. = wL/R; w, L,
and R are frequency, conductance, and resistance of the
resonance circuit, respectively) and y is the gyromagnetic
ratio of the protons. Substituting for M, the thermal equi-
librium magnetization for spin half nuclei [22], Eq. (1) can
be rewritten as

11O NaBy

RD = 8nkT ’ )
where & is the Planck’s constant (6.6262
x 1073 m? kg s™!), N, is the number of spins per unit vol-
ume (typically 6.5 x 10" protons/1pL of water) [3], By is
the strength of the magnetic field in Tesla, k is the Boltz-
mann constant (1.3806x 1073 m’kgs >K™') and T is
the temperature of the sample in K. In general 1}, is esti-
mated from the linewidth Av;/, (full-width at half-height of
a non-Lorentzian lineshape), following a non-selective 90°
pulse as [23]

1 ﬂAUl/z
_ , 3
RD (78384 (3)

Eq. (3) provides only a rough estimation of 7}, as there
are other factors such as relaxation, inhomogeneous broad-
ening, and susceptibility effects that may also contribute to
linewidth. Chen et al. [21] have proposed a more precise
method to determine g}, which involves fitting experimen-
tal data to an analytical description of the recovery of the
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magnetization following inversion in systems where the
recovery is dominated by radiation damping. During the
inversion recovery, under strongly radiation-damping con-
ditions (negligible relaxation effects), g}, is given by

1 1 (M:q Mz<r>>.

Trp(T—7T0) =z In M T M.(7)

: )

Here, 7 is the inversion recovery delay and t, is related to
the initial azimuthal angle 0, of the magnetization follow-
ing an imperfect inversion pulse from equilibrium (M:9)
[23]. Linear regression of 7 vs. M. (t) was used to estimate
Tz (Sigmaplot, Systat Software, Richmond, CA, USA).

3. Results

Fig. 1 shows the plot of the recovery of the Z-magneti-
zation of the water spins in the CapNMR (A), 5 mm (B),
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Fig. 1. Plot of the recovery of water magnetization after inversion due to
radiation damping in (A) Microcoil NMR probe (CapNMR, 25 uL), (B)
standard 5 mm indirect detection probe (5 mm IDPFG, 550 pL), and (C)
standard 8 mm triple resonance probe (8§ mm TR-PFG, 730 pL). Intensity
along the Y-axis the area under the water resonance and the recovery time
is along the X-axis. The error bars determine the standard deviation over
four consecutive measurements and in (A) the error bars are smaller than
the size of the symbols.

Table 1
Radiation damping rate constants in microcoil NMR probe at 600 MHz

NMR Probe  txh(s™") 2d

7o (ms) r Sample (active)

volume (pL)

Microcoil® 114.10 4+ 1.50 1.28+0.03  0.999 25 (5)
5 mm" 108.72 4+ 5.80 9.09+1.12 0998 550 (222)
8 mm°® 55484 +£12.34 26.14+4.18 0965 730 (325)

# Microcoil probe (CapNMR)S: Capillary NMR microcoil probe.
® Standard 5 mm inverse detection probe.

¢ Standard 8 mm triple resonance probe.

4 Linear correlation coefficient of the fit to Eq. (4).

and 8 mm (C) probes. Visual inspection of Fig. 1 shows
that radiation damping effects are highly active in the Cap-
NMR probe. As expected, the recovery of Z-magnetization
due to radiation damping in both the 5 and 8 mm probes is
also strong. Table 1 lists the radiation-damping rate con-
stant (1z5,), 7o and the correlation coefficient of the linear
fit of the data to Eq. (4) for each probe. Results in Table
1 clearly show a significant amount of radiation damping
in the CapNMR probe (rate constant of 114.1 5!, which
corresponds to a radiation damping time of 8.76 ms). For
the 5 and 8 mm probes, the radiation damping rate con-
stants are 108.7 and 554.8 s, respectively, with the corre-
sponding radiation damping times of 9.2 and 1.8 ms,
respectively. These results compare well with the results
of Chen et al. [21], where 1z} ranges from 75.8 to
130.0s~! and 7, ranges from 41.2 to 22.4 ms, depending
on the amount of H,O in the sample at the proton resonat-
ing frequency of 600 MHz. Radiation damping in the Cap-
NMR probe is much stronger than in the 5 mm probe, but
weaker than in the 8 mm probe.

Standard errors in the magnetization recoveries in 1 and
7o values in Table 1 show that the water magnetization
recovers mainly though radiation-damping effects in the
CapNMR probe in a much cleaner fashion than in the 5
and 8 mm probes. The latency interval 7, is related to the
initial azimuthal angle 0y of the magnetization following
the imperfect inversion pulse, and is given by [23]

% — tan (exp(arteh). (5)

Upon using Eq. (5), the azimuthal angles 6, for the Cap-
NMR, 5 and 8§ mm probes are 26°, 31°, and 44°, respective-
ly. This variation in 6y is directly attributable to the
external influences (By or RF inhomogeneity) on the meta-
stable state of the inverted magnetization of the water mag-
netization. Lower values of 0, are indicative of less
influence from destabilizing factors, such as RF
inhomogeneity.

4. Discussion

Standard NMR probes and microcoil NMR probes
have few major differences. Most detectors with probe vol-
umes greater that 50 pL described in the literature are
based on Helmholtz coils [24,25], which allow easy sample
exchange by commercially available NMR glass tubes, as



Communication | Journal of Magnetic Resonance 179 (2006) 294-298 297

the coil opening is along the B field. For sample volumes
less than 45 pl., a detector is typically designed as a sole-
noid coil [9,26,27]. The CapNMR probe has a solenoidal
detection coil, which must be orthogonal to the By field.
As a consequence, the use of conventional NMR sample
tubes for sample exchange is not straightforward. Inherent-
ly, solenoidal microcoil NMR probes have a higher intrin-
sic sensitivity [28] than saddle coils (Helmholtz coils) by a
factor of 2-3, due to stronger coil-sample coupling. The
sensitivity of solenoidal coils is given by [24,25]

B n

Tl — Lz : (6)

dy/1+ (%)

where B is the applied radio frequency field, 7 is the cur-
rent unit, u is the permeability in a vacuum, n is the
number of turns, d is the diameter of the coil, and / is
the length of the coil. Microcoil probes take advantage
of decreasing ‘d’ to increase the sensitivity. The reduction
in ‘d subsequently leads to a significant increase in the
filling factor (y#) of the probe. Typically, recently de-
signed microcoil probes are able to achieve improved val-
ues (n ~ 0.64), while the standard 5 mm probes are able
to achieve only # ~ 0.3 [26]. As the microcoil probes also
have good RF homogeneity and the small coils lead to
short RF pulses, it is possible to attain an excellent con-
trol of the water magnetization in comparison with stan-
dard probes.

Based on Eq. (2), radiation damping for the protons at a
given probe temperature is directly proportional to: filling
factor 5, quality factor Q. and the concentration of the pro-
tons in the sample volume. The quantities Q. and # are of-
ten optimized to increase the sensitivity of the NMR probe.
Thus, it is natural to expect the radiation damping effects
also to increase with an increase in sensitivity. In fact, Gué-
ron and Leroy [3] suggest that 15}, can be used as a measure
of the absolute sensitivity of the probe, as it is directly pro-
portional to both n and Q.. For the radiation damping ef-
fects in the microcoil probe to be comparable to those in a
standard 5 mm probe, the increase in #Q. must be of the
same order of magnitude as the reduction in the number
of water protons.

To determine which factor (1 or Q.) contributes to the
radiation damping effects, one can use the measured tg},
from Table 1 in Eq. (2) along with other known probe spec-
ifications. The ratio of the t}, between the 5 mm and Cap-
NMR probe is 0.95 (108.72s7'/114.1s7"), while the
volume ratio is 44.4 (222/5) [26]. Using the filling factor
values of 0.3 and 0.64 for the 5 mm and CapNMR probes,
respectively, the ratio of the quality factors (O™ /Q%?) of
the probes is estimated to be 19.7. This estimate assumes
that Eq. (2) provides a valid description of the radiation
damping effects in 5 mm (Helmholtz coil) and the Cap-
NMR (capillary) probes. One of the major inferences from
this rough estimate is that the effects of radiation damping
in the CapNMR probe are due to an increase in the filling
factor, #, rather than the quality factor, Q..

Extending this observation to probes with cryogenically
cooled detector coils that have approximately three times
more sensitivity than a standard probe (no cryogenic cool-
ing of the coil), would increase the radiation damping ef-
fects by the same factor (3). However, the increased effect
will be primarily due to increase in the Q., rather than #.
This estimation is in confirmation with the preliminary
investigation of the radiation damping effects in cryogeni-
cally cooled detector coil probe and its impact on heteronu-
clear experiments [29].

In addition to radiation damping, bulk spin magnetiza-
tion in NMR experiments is also affected by the dipolar
field effects [30,31]. The physics of dipolar field effects,
and their similarities to and differences from radiation
damping, have recently been presented [32-35]. Radiation
damping and dipolar field are proportional to the nuclear
spin density and the strength of the external magnetic field.
However, unlike radiation damping, dipolar field has a
strong dependency on the shape of the sample and the spa-
tial distribution of the nuclear spin magnetization, and
more importantly, it is independent of the quality factor
(Q.)- A typical 600 pL sample of water in a 5 mm probe
and 600 MHz spectrometer produces a dipolar field, result-
ing in a shift of the NMR signal from the protons on the
order of 1 Hz. Considering the shape of the water sample
in a microcoil probe to be more spherical, the effect of
dipolar fields in the microcoil probe can safely be neglected.
These are unique features that enable the isolation of radi-
ation damping effects in the microcoil probe.

In these results, any effects due to the difference in the
coil geometry (saddle vs. solenoidal) between the probes,
RF field and B, inhomogeneity are not considered.
According to the detailed work by Augustine and co-work-
ers [20,36], though it is possible to account for inhomoge-
neous field effects, the effect of coil geometry, if any, is
not known.

5. Conclusions

Accurate measurement of the radiation damping time
constant in the microcoil (CapNMR) probe, and its com-
parison with standard 5 and 8 mm probes, clearly suggest
that in spite of the significant reduction in the total volume
of the water, this probe is significantly affected by radiation
damping. The radiation-damping time constant of the Cap-
NMR probe is roughly the same as that of the 5 mm probe,
and 1/4th that of the 8 mm probe, at the same spectrometer
field strength and sample temperature. Therefore, it is
important to optimize the water suppression and water-se-
lective pulses, perhaps more cautiously when using samples
with large amounts of H,O in the microcoil probes. Due to
increased RF performance (short pulse widths with good
By and B, homogeneity), the water selection and control
will be more efficient in microcoil probes in comparison
with other standard probes, including the cryogenically
cooled detector coil probes. These probes provide an excel-
lent experimental avenue for isolating radiation damping
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effects in order to explore their role in more complex areas,
such as chaotic dynamics [37-39].
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