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In a typical continuous-flow optical pumping setup, the chem-
ical shift of xenon in the adsorbed phase depends on the gas flow
rate due to warming of the sample surface by the gas stream.
Calibration of the system using the 207Pb resonance of solid lead
nitrate is necessary to determine the actual sample temperature.
Optimum pulse repetition rates are strongly affected by gas flow
and spin–lattice relaxation rates. The interplay of flow and pulse
repetition rate alters signal intensity ratios and may lead to the
complete suppression of signals. © 2000 Academic Press

Key Words: optical pumping; continuous gas flow; pulse repe-
tition rates.

INTRODUCTION

NMR of 129Xe has proven to be an effective tool for
characterization of microporous materials (1–4). However
limitations in signal intensity arise due to the low spin den
of a gas under thermal equilibrium conditions. In recent ye
techniques for the enhancement of the NMR signal u
laser-polarized gases such as3He and129Xe have been deve
oped (5, 6). With high-power laser diode arrays, a continu
flow of optically polarized xenon can be generated and pa
over the sample surface (7). This technique is an improveme

ver the batch-mode production of laser-polarized xenon
ause it allows for the use of multiple-pulse NMR experime
he incorporation of magic angle spinning (8, 9), and signa
veraging for samples with short129Xe spin–lattice relaxatio

times or poor xenon adsorption properties (10). Whereas mos
roups work with an open circuit system where the gas mix

s discarded upon exit of the sample region, our setup
losed circuit system where the xenon polarization is con
usly being replenished by redirecting the gas mixture

nto the optical pumping cell upon exit of the sample reg
hile the open circuit system offers the advantage of pe

ently supplying fresh, pure gas to the optical pumping
ontamination of the gas mixture through the sample
ubing connections is a risk in the closed circuit system.
dvantages, however, lie in lower operating costs and gr
ariability in the total gas pressure.
In this contribution, we demonstrate the effect of gas ci

ation on 129Xe NMR chemical shifts and signal intensiti
261
y
s,
g

s
ed

e-
s,

re
a

u-
k
.
a-
ll,
d
e
ter

-

These effects were studied using a sample of multiw
carbon nanotubes. The material was synthesized by cat
decomposition of acetylene over a cobalt/zeolite catalyst
catalyst was removed by acidic dissolution in concentrated
Oxidation of these prepurified nanotubes with aqueous
manganate solution leads to removal of amorphous carb
well as the fullerene endcaps, so that open tubes wit
average inner and outer diameter of 6 and 16 nm, respect
result. The average nanotube has 15 concentric walls and
mm long. Synthesis and characterization have been desc
in detail elsewhere (11). A detailed discussion of the penet
tion of xenon into the nanotubes as derived from129Xe NMR
spectroscopy can be found in Ref. (12). In this contribution
only the interplay between continuous gas flow and N
acquisition parameters will be discussed.

RESULTS

Spectra recorded at 165 K and at different pumping sp
are shown in Fig. 1 (top). The two vertical lines in Fig. 1 (t
mark the129Xe NMR chemical shifts for xenon in the adsorb
phase when circulating the xenon gas mixture at pum
speedsj 1 and j 3 (see Table 1). The difference,D, is plotted a
a function of temperature (Fig. 1, bottom). Under equilibr
or static conditions, i.e., without optical pumping and with
gas flow, the observed chemical shift of xenon in the adso
phase is consistently slightly lower when compared to the
observed at flow ratej 1. While D is small at ambient tempe
ature, it increases as the temperature is being lowered. In
D is linearly dependent on temperature over the range in
tigated. This effect is due to an increased temperature c
by the stream of warm gas passed over the sample su
Actual sample temperatures were determined using the207Pb
NMR resonance of solid Pb(NO3)2 for calibration (13). The
dependence of the207Pb NMR isotropic shifts on flow rate a
temperature is presented in Fig. 2. The resulting corre
129Xe NMR shifts for xenon in the adsorbed phase are
played in Fig. 3 (unfilled symbols) in comparison to the
corrected shifts (filled symbols).

The xenon dwell time in the NMR coil region was de
mined with a calibrated flow meter at ambient pressure
1090-7807/00 $35.00
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262 KNELLER ET AL.
with an inversion recovery technique (14) applied to the ga
esonance which gave rise to a strong signal. No depen
n temperature was observed for the faster flow ratej 3, while

he xenon dwell time in the coil region changed with flow
s expected.
Characteristic pulse repetition ratesr were determined b

varying the pulse delayDt between transients and fitting t
esulting integrated signal intensities to a function of the f
1 2 e2Dt/t) wheret 5 r21 in analogy to a saturation recove

experiment. In our experiment, however, the increase in s
intensity for growing pulse delays is governed by the repl
ment of depolarized xenon in the sample region with fre
polarized xenon.r depends strongly on temperature and fl
rate for the peak corresponding to xenon in the gas p

FIG. 1. Top: Flow-rate (see Table 1) dependent129Xe NMR spectra o
xenon in contact with multiwalled carbon nanotubes at 165 K (as indicat
the thermocouple). Peaks are labeled according to their phases (gas, ad
solid). Vertical lines illustrate the chemical shift differenceD for xenon in the
adsorbed phase observed for flow ratesj 1 and j 3. Bottom: D is plotted as
function of temperature.

TABLE 1

Method Flow meter Inversion recove

low ratej 1 (ml/s) 0.586 0.06 0.586 0.06
Flow ratej 2 (ml/s) 7 6 3 —

low ratej 3 (ml/s) 146 10 2.66 0.3
low ratej 4 (ml/s) 216 10 —
well time at j 1 (s) 0.876 0.09 0.876 0.09

Dwell time at j 3 (s) 0.036 0.02 0.196 0.03
ce

al
e-
ly

se,

while within experimental error no such dependence is
served for xenon in the adsorbed phase at temperatures
250 K (Fig. 4). Above 250 K, there is some indication of
increase inr21 for xenon in the adsorbed phase but the er
are fairly large in this temperature range due to the dimini
signal intensity (compare Fig. 1b in Ref. (12)). For all flow
ates and temperatures, the ratio of the integrated signal
ities of xenon in the adsorbed phase over xenon in th
hase is largest for high pulse repetition rates. This is eq

ent to the observation that the NMR signal buildup was fa
or xenon in the adsorbed phase. For both flow rates, this
s slightly increasing with decreasing temperature.

DISCUSSION

The average dwell time of xenon in the coil region is
important parameter for the interpretation of magnetiza
buildup. The results from the inversion recovery technique
the flow meter agree very well forj 1 (Table 1). Therefore, th
inversion-recovery method yields probably the most reli

by
rbed,

FIG. 2. 207Pb NMR isotropic shifts of lead nitrate for different flow ra
see Table 1) and temperatures. The temperatures refer to those meas
he thermocouple which was located in the dewared sample region, but o
he sample container.

FIG. 3. Temperature-dependent129Xe NMR chemical shifts for xeno
physisorbed on multiwalled carbon nanotubes obtained at flow ratej 3. Error
bars (63 ppm) are equal to or smaller in size than the symbols. Unfilled c
correspond to chemical shifts corrected for temperature using the calib
shown in Fig. 2 and filled circles to the uncorrected data.
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263CLOSED CIRCUIT CONTINUOUS-FLOW OPTICAL PUMPING
value for j 3. The large errors forj 2–j 4 determined using th
flow meter are due to the fact that the flow rate could no
measured directly, but had to be extrapolated and is
considered unreliable.

Flow ratesj 1 andj 3 resulted in a different chemical shift f
the peak corresponding to xenon in the adsorbed phase (F
top). This difference is the more pronounced the lower
temperature (Fig. 1, bottom). Higher flow rates yielded lo
chemical shift values. This trend is expected if, due to
increased flow rate, the sample temperature is higher
indicated by the thermocouple which is located in the dew
probe region, but not in direct contact with the sample. He
an increased sample temperature must contribute to the
shifts observed at flow ratej 3. The higher sample temperatu

t flow ratej 3 explains the presence of the strong gas peak
1). Xenon in the solid phase can be observed only at flow
j 1 and not under static conditions (Fig. 1, top). The enha
xenon polarization under optical pumping conditions allow
to detect this resonance despite its long relaxation time. M
over, this signal may be due to xenon frozen onto the cont
wall outside the coil region and would thus not be detect
under equilibrium conditions. The warming of the sam
surface due to the gas flow becomes more pronounced at
temperatures where the temperature difference betwee
xenon gas mixture and the cooling gas is increasing (Fi
bottom). However, the largest chemical shift is expected
acquisition under static, equilibrium conditions, which is
observed (Fig. 1, top). It is not completely understood why
chemical shifts observed atj 1 are, at all temperatures studi
consistently slightly higher than under equilibrium conditio
A possible contribution may arise from magnetic field in
mogeneity, as under slow flow conditions most of the adso
phase NMR signal is due to xenon in the entrance region o
coil. At higher flow rates, the xenon can penetrate further

FIG. 4. Temperature and flow-rate dependence ofr21, the reciproca
characteristic pulse repetition rate, obtained by monitoring the xenon
intensity as a function of pulse delay. The rates are shown both for gaseo
for adsorbed129Xe in contact with multiwalled carbon nanotubes. The data
j 3 are displayed without the temperature correction shown in Fig. 1. To r
the true sample temperatures, each data point would be shifted to a
temperature.
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the coil region before relaxing, and under static conditions
signal originates from the entire coil region.

Temperature-dependent chemical shifts were therefore
brated using the isotropic207Pb NMR shift s of solid lead
nitrate. Under the static conditions applied, the207Pb NMR
signal displays the lineshape typical for a chemical shift
isotropy with axially symmetric tensor. The temperature
pendent isotropic chemical shifts obtained under MAS co
tions and careful temperature calibration are tabulated13).
While the slopeds/dT for j 1 agrees well with data reported
Ref. (13), the deviation becomes stronger for faster pum
speeds (Fig. 2). Moreover, the nonlinearity at lower temp
tures becomes more pronounced as the difference in tem
ture between the cooling gas and the xenon gas mixtur
creases.129Xe chemical shift data for xenon physisorbed
multiwalled carbon nanotubes are presented in Fig. 3 with
without the temperature correction from Fig. 2. The la
discrepancy in chemical shifts obviates the need for tem
ture calibration in order to obtain reliable chemical shift d
It should be noted that carbon nanotubes are better th
conductors than lead nitrate. Therefore, it is possible tha
temperature equilibrium between the cooling gas and the w
xenon gas mixture has not been established, the actual s
temperature is still different for the nanotubes and lead n
under otherwise identical experimental conditions. We
tempted to counter this possibility by allowing for long te
perature equilibration times. Moreover, our method does
allow us to compensate for possible temperature gradien
the sample. Such a temperature gradient could arise if the
transfer between the sample and the warm gas mixture
rapid that much of the heat has been exchanged in the en
region of the coil resulting in a lower temperature at the
region. Such a temperature gradient would lead to line br
ening of the129Xe resonance and could be tested for usin
hole-burning technique. Since we observed the largest
widths under static (no gas flow) conditions, we believe
such a temperature gradient can be disregarded for the c
nanotubes.

The effect of pulse repetition rate on the magnitude of
observed signal is summarized in Fig. 4 for xenon in the
and adsorbed phase. While no dependence on tempera
flow rate is observable for xenon in the adsorbed phase
characteristic pulse repetition rater is about (5 ms)21—a
pronounced effect of these parameters is evident for xen
the gas phase. At the smaller flow ratej 1, r21 decreases fro
about 400 ms at ambient temperature to 100 ms at 199 K
the higher flow ratej 3, r21 is independent of temperature w
r21 ' 20 ms. At first, it seems counterintuitive forr21 to be a
function of temperature and not of flow rate alone.r21 de-
creases at lower temperatures due to the fact that the
lattice relaxation time for xenon in the gas phase increas
the temperature is lowered (from 0.0186 0.002 s at 298 K t
0.13 6 0.04 s at 166 K) and becomes comparable to
xenon’s dwell time in the coil region. As a result, xenon
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264 KNELLER ET AL.
traverse the entire coil region with only minor relaxation
the characteristic pulse delayr21 is of the order ofT1. At

mbient temperature,T1 for Xe in the gas phase is shorter, a
the signal intensity is best for a more complete exchang
xenon in the coil region with freshly polarized xenon, co
sponding to an increase inr21. The opposite is true for xeno
in the adsorbed phase. In this case, the relaxation tim
creases when lowering the temperature (from 0.0106 0.001 s
at 298 K to 0.00356 0.0004 s at 166 K) and is always sh
when compared to the reciprocal of the flow rate. Thus,
necessary to excite the xenon immediately upon entry in
coil region before relaxation takes place.

For two-dimensional exchange experiments, a much lo
recycle delay was required to ensure optimum signal inten
Two to three dwell times were necessary to completely
change the xenon in the sample region. For these experim
it is mandatory that the entire coil region be filled with fres
polarized xenon, since the mixing time is on the same ord
magnitude as the spin–lattice relaxation time. For single-p
acquisition experiments, we expected thatr21 should exactl
reflect xenon’s dwell time in the sample region, but we de
mined a shorterr21 since most of the signal arises from
volume smaller than that enclosed by the coil. At the hig
flow rate, r21 becomes independent of temperature since
gas mixture is transported much faster through the coil re

CONCLUSIONS

The sample temperature in a continuous flow optical pu
ing system is strongly affected by the flow rate of the
mixture. A decrease in129Xe NMR chemical shift with increa-
ing flow rate is caused by a temperature rise due to the w
gas stream. This effect is strongest for the lowest tempera
and the highest flow rates as calibration with the isotr
chemical shift of the207Pb resonance in solid lead nitr
evealed. While precooling of the xenon gas mixture to
ample temperature would avoid this warming effect,
onceivable that it would also lead to a decrease in x
artial pressure at the lowest temperatures. The inversio
overy method was found to be the most reliable to deter
ow rates. Characteristic pulse repetition rates depend o
ow rate intertwined withT1. Our results show that contin-
us-flow optical pumping129Xe NMR data must be treat

cautiously as flow rate and pulse repetition rate can give ri
the complete suppression of peaks or to a signal intensity
far from equilibrium conditions. For two-dimensional e
change experiments, for example, complete gas exchan
the coil region between scans is necessary. Too fast a
repetition rate leads to complete annihilation of the N
signal. This effect was particularly strong in our sample w
exhibits a very short129Xe NMR T1.
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EXPERIMENTAL

The continuous-flow optical pumping apparatus, simila
the one used by Seydouxet al. (7), is set up in the fringe fiel
of the superconducting NMR magnet (9.4 T). The gas mix
consisting of 2.24% nitrogen, 8.9% xenon, and 88.86% he
is circulated in a closed system over the sample surface
back into the optical pumping cell. A fiber-coupled laser di
array (OPTO-Power Corporation, Tucson, AZ) delivering
W at 795 nm and operating at a current of 28 A is used fo
excitation of rubidium. Circular polarization of the pump
light was achieved with a polarizing beamsplitter and h
wave and quarter-wave plates (Newport Corporation, Irv
CA). The NMR sample cell (10-mm outer diameter, 8-
inner diameter) is connected to the optical pumping s
through the length of the homebuilt NMR probe with 1.
mm-inner-diameter PFA (perfluoroalkoxy, Swagelok) tub
using compression fittings. A few drops of Rb metal are pla
in the optical pumping cell which is heated by a stream o
air to approximately 448 K.

In order to reduce gas contamination, a rubidium reserv
heated together with the optical pumping cell. The recircul
xenon passes through this reservoir where all impurities (m
ly oxygen and water) should react with the rubidium be
entering the pumping cell. Nevertheless, impurities in the
mixture inadvertently picked up by the gas when traversing
system and the sample were transported into the optical p
ing cell which led to its deterioration over the course of sev
days. Deposits in the pumping cell made it then necessa
exchange the rubidium. An additional gas purification de
such as a titanium getter (8) will probably extend the lifetim
of the pumping cell.

As expected, the xenon polarization increased with inc
ing gas pressure. For safety reasons, data were usually re
at a total pressure of 422 kPa, which corresponds to a p
pressure of xenon of 1.28 kPa. Under the closed circuit
conditions, the xenon polarization as determined by NMR i
empty sample cell was about 1.5%.
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