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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 *’Pb resonance of solid lead
nitrate is necessary to determine the actual sample temperature.
Optimum pulse repetition rates are strongly affected by gas flow

These effects were studied using a sample of multiwalle
carbon nanotubes. The material was synthesized by cataly
decomposition of acetylene over a cobalt/zeolite catalyst. Tl
catalyst was removed by acidic dissolution in concentrated H
Oxidation of these prepurified nanotubes with aqueous pe

manganate solution leads to removal of amorphous carbon
well as the fullerene endcaps, so that open tubes with |
average inner and outer diameter of 6 and 16 nm, respective
result. The average nanotube has 15 concentric walls and is
um long. Synthesis and characterization have been descrit
in detail elsewherel(l). A detailed discussion of the penetra-
tion of xenon into the nanotubes as derived frGiXe NMR

spectroscopy can be found in ReL?]. In this contribution,

only the interplay between continuous gas flow and NMI

126 ) acquisition parameters will be discussed.
NMR of ““Xe has proven to be an effective tool for the

characterization of microporous materials—#). However,
limitations in signal intensity arise due to the low spin density
of a gas under thermal equilibrium conditions. In recent years,
techniques for the enhancement of the NMR signal usingSpectra recorded at 165 K and at different pumping spee
laser-polarized gases such e and**Xe have been devel- are shown in Fig. 1 (top). The two vertical lines in Fig. 1 (top;
oped 6, 6). With high-power laser diode arrays, a continuousiark the**Xe NMR chemical shifts for xenon in the adsorbec
flow of optically polarized xenon can be generated and pasggthse when circulating the xenon gas mixture at pumpir
over the sample surfac@)( This technique is an improvementspeedg, andj; (see Table 1). The differenc4, is plotted as
over the batch-mode production of laser-polarized xenon kefunction of temperature (Fig. 1, bottom). Under equilibriun
cause it allows for the use of multiple-pulse NMR experimentsr static conditions, i.e., without optical pumping and withou
the incorporation of magic angle spinning, @), and signal gas flow, the observed chemical shift of xenon in the adsorb
averaging for samples with shaffXe spin—lattice relaxation phase is consistently slightly lower when compared to the sh
times or poor xenon adsorption propertiéd)( Whereas most observed at flow ratg,. While A is small at ambient temper-
groups work with an open circuit system where the gas mixtuature, it increases as the temperature is being lowered. In fz
is discarded upon exit of the sample region, our setup isAais linearly dependent on temperature over the range inve
closed circuit system where the xenon polarization is contintigated. This effect is due to an increased temperature cau:
ously being replenished by redirecting the gas mixture babk the stream of warm gas passed over the sample surfa
into the optical pumping cell upon exit of the sample regiomctual sample temperatures were determined usingtid
While the open circuit system offers the advantage of permldMR resonance of solid Pb(N{ for calibration ((3). The
nently supplying fresh, pure gas to the optical pumping cetiependence of th€’Pb NMR isotropic shifts on flow rate and
contamination of the gas mixture through the sample ameimperature is presented in Fig. 2. The resulting correct
tubing connections is a risk in the closed circuit system. TH&EXe NMR shifts for xenon in the adsorbed phase are di
advantages, however, lie in lower operating costs and gregtéayed in Fig. 3 (unfilled symbols) in comparison to the un
variability in the total gas pressure. corrected shifts (filled symbols).

In this contribution, we demonstrate the effect of gas circu- The xenon dwell time in the NMR coil region was deter-
lation on ***Xe NMR chemical shifts and signal intensitiesmined with a calibrated flow meter at ambient pressure ar

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
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FIG. 2. *’Pb NMR isotropic shifts of lead nitrate for different flow rates
(see Table 1) and temperatures. The temperatures refer to those measure
the thermocouple which was located in the dewared sample region, but outs
the sample container.

A [ppm]

while within experimental error no such dependence is ol
: served for xenon in the adsorbed phase at temperatures be
o)) S P SN TN BN EPE S 250 K (Fig. 4). Above 250 K, there is some indication of ar
180 220 260 300 increase inp * for xenon in the adsorbed phase but the errot
T are fairly large in this temperature range due to the diminishe
FIG. 1. Top: Flow-rate (see Table 1) dependéfiXxe NMR spectra of signal intensity (compare Fig. 1b in Refl?)). For all flow

xenon in contact with multiwalled carbon nanotubes at 165 K (as indicated psites and temperatures, the ratio of the integrated signal inte
the_thermo_coup_le). Peaks are labeled e_iccording Fo their phases (ge_as, adsogm%s of xenon in the adsorbed phase over xenon in the ¢

solid). Vertical lines illustrate the chemical shift differentdor xenon in the . . L . .
adsorbed phase observed for flow ratesndj;. Bottom: A is plotted as a phase is largest for_ high pulse repetmpn rates_' This is equiv
function of temperature. lent to the observation that the NMR signal buildup was fastt
for xenon in the adsorbed phase. For both flow rates, this ral

is slightly increasing with decreasing temperature.

with an inversion recovery techniqué4) applied to the gas
resonance which gave rise to a strong signal. No dependence
on temperature was observed for the faster flow yatevhile

the xenon dwell time in the coil region changed with flow rate The average dwell time of xenon in t.he coil region is a
as expected. important parameter for the interpretation of magnetizatic

Characteristic pulse repetition ratpswere determined by buildup. The results from the inversion recovery technique ar

varying the pulse delajt between transients and fitting thef[he flow meter agree very well fgg (Table 1). Therefore, the

resulting integrated signal intensities to a function of the forVersion-recovery method yields probably the most reliab
(1 — e *") wherer = p *in analogy to a saturation recovery
experiment. In our experiment, however, the increase in signal

DISCUSSION

intensity for growing pulse delays is governed by the replace- . : ‘ ' < urooreciod 1
ment of depolarized xenon in the sample region with freshly S 200 ¢ “&Sw ocorrected |3
polarized xenonp depends strongly on temperature and flow E] ; *° ]
i i ‘£ L LN 3
rate for the peak corresponding to xenon in the gas phase, § 150 %420, 3
5 o ]
n;: 100 % :
TABLE 1 e sof Yo ]
(o2 4
& r ]
Method Flow meter Inversion recovery T [o Y SIS BN B R
100 150 200 250 300 350
Flow ratej, (ml/s) 0.58=+ 0.06 0.58+ 0.06 T K]
Flow ratej, (ml/s 7x3 —
Flow rate}z Eml/sg 14+ 10 2.6+ 0.3 FIG. 3. Temperature-dependent’Xe NMR chemical shifts for xenon
Flow ratejs (ml/s) 21 N 10 T physisorbed on multiwalled carbon nanotubes obtained at flowj saterror
Dwell timeAatj ) 0 87: 0.09 0.87+ 0.09 bars (-3 ppm) are equal to or smaller in size than the symbols. Unfilled circle
Dwell time atjl s) 0'03: 0'02 0'191 0'03 correspond to chemical shifts corrected for temperature using the calibrati
3 .03+ 0. .19+ 0.

shown in Fig. 2 and filled circles to the uncorrected data.
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05 e the coil region before relaxing, and under static conditions tf
E [0 gas, i signal originates from the entire coil region.
04 . ng-y}ﬁ Temperature-dependent chemical shifts were therefore ce
F | ads, o % brated using the isotropi®’Pb NMR shift o of solid lead
& 03[ nitrate. Under the static conditions applied, b NMR
*-; C signal displays the lineshape typical for a chemical shift ar
= o2 [ isotropy with axially symmetric tensor. The temperature-de
- pendent isotropic chemical shifts obtained under MAS cond
01 | tions and careful temperature calibration are tabulat). (
r While the slopedo/dT for j, agrees well with data reported in
o L Ref. (13), the deviation becomes stronger for faster pumpin

150 200 250 300 speeds (Fig. 2). Moreover, the nonlinearity at lower temper
tures becomes more pronounced as the difference in tempe

FIG. 4. Temperature and flow-rate dependencepof, the reciprocal ture between the cooling gas and the xenon gas mixture |
characteristic pulse repetition rate, obtained by monitoring the xenon siggg#bgses’®Xe chemical shift data for xenon physisorbed or

intensity as a function of pulse delay. The rates are shown both for gaseous . p . .
for adsorbed®Xe in contact with multiwalled carbon nanotubes. The data foﬁmltlwa”ed carbon nanotubes are presented in Fig. 3 with a

i are displayed without the temperature correction shown in Fig. 1. To refiddithout the temperature correction from Fig. 2. The larg
the true sample temperatures, each data point would be shifted to a higigcrepancy in chemical shifts obviates the need for tempel
temperature. ture calibration in order to obtain reliable chemical shift date
It should be noted that carbon nanotubes are better thern
value forj;. The large errors foj,—j, determined using the conductors than lead nitrate. Therefore, it is possible that if
flow meter are due to the fact that the flow rate could not lemperature equilibrium between the cooling gas and the wal
measured directly, but had to be extrapolated and is thxsnon gas mixture has not been established, the actual san
considered unreliable. temperature is still different for the nanotubes and lead nitra
Flow rateg; andj; resulted in a different chemical shift forunder otherwise identical experimental conditions. We a
the peak corresponding to xenon in the adsorbed phase (Figeppted to counter this possibility by allowing for long tem-
top). This difference is the more pronounced the lower thEerature equilibration times. Moreover, our method does n
temperature (Fig. 1, bottom). Higher flow rates yielded lowelow us to compensate for possible temperature gradients
chemical shift values. This trend is expected if, due to tlthe sample. Such a temperature gradient could arise if the h
increased flow rate, the sample temperature is higher thaansfer between the sample and the warm gas mixture is
indicated by the thermocouple which is located in the dewareapid that much of the heat has been exchanged in the entra
probe region, but not in direct contact with the sample. Henaggion of the coil resulting in a lower temperature at the ex
an increased sample temperature must contribute to the lowagion. Such a temperature gradient would lead to line broa
shifts observed at flow rajg. The higher sample temperatureening of the**Xe resonance and could be tested for using
at flow ratej ; explains the presence of the strong gas peak (Flyple-burning technique. Since we observed the largest lin
1). Xenon in the solid phase can be observed only at flow ratédths under static (no gas flow) conditions, we believe th:
j. and not under static conditions (Fig. 1, top). The enhancedch a temperature gradient can be disregarded for the carl
xenon polarization under optical pumping conditions allows uganotubes.
to detect this resonance despite its long relaxation time. More-The effect of pulse repetition rate on the magnitude of th
over, this signal may be due to xenon frozen onto the contaira@yserved signal is summarized in Fig. 4 for xenon in the g:
wall outside the coil region and would thus not be detectabded adsorbed phase. While no dependence on temperatur:
under equilibrium conditions. The warming of the sampl8ow rate is observable for xenon in the adsorbed phase—t
surface due to the gas flow becomes more pronounced at lowkaracteristic pulse repetition raje is about (5 ms)'—a
temperatures where the temperature difference between phenounced effect of these parameters is evident for xenon
xenon gas mixture and the cooling gas is increasing (Fig. the gas phase. At the smaller flow ratep ' decreases from
bottom). However, the largest chemical shift is expected fabout 400 ms at ambient temperature to 100 ms at 199 K. F
acquisition under static, equilibrium conditions, which is nahe higher flow ratg;, p " is independent of temperature with
observed (Fig. 1, top). It is not completely understood why the* ~ 20 ms. At first, it seems counterintuitive fpr* to be a
chemical shifts observed @t are, at all temperatures studiedfunction of temperature and not of flow rate alope! de-
consistently slightly higher than under equilibrium conditioncreases at lower temperatures due to the fact that the sp
A possible contribution may arise from magnetic field inhdattice relaxation time for xenon in the gas phase increases
mogeneity, as under slow flow conditions most of the adsorb#te temperature is lowered (from 0.0380.002 s at 298 K to
phase NMR signal is due to xenon in the entrance region of tel3 = 0.04 s at 166 K) and becomes comparable to tt
coil. At higher flow rates, the xenon can penetrate further intenon’s dwell time in the coil region. As a result, xenon cal
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traverse the entire coil region with only minor relaxation and EXPERIMENTAL

the characteristic pulse delgy* is of the order ofT,. At

ambient temperaturd,, for Xe in the gas phase is shorter, and The continuous-flow optical pumping apparatus, similar t
the signal intensity is best for a more complete exchange B one used by Seydoex al. (7), is set up in the fringe field
xenon in the coil region with freshly polarized xenon, corre2f the superconducting NMR magnet (9.4 T). The gas mixtur
sponding to an increase pi*. The opposite is true for Xenonpon5|st|ng of 2.24% nitrogen, 8.9% xenon, and 88.86% heliu

in the adsorbed phase. In this case, the relaxation time %%plkrgutlattehd n ‘? cllosed systemlloxefrbthe samlplglsurfaggg
creases when lowering the temperature (from 0.610.001 s acknto the optical pumping cefl. A iber-coupied laser dio
. rray (OPTO-Power Corporation, Tucson, AZ) delivering 4!
at 298 K to 0.0035+ 0.0004 s at 166 K) and is always shor . :
. . at 795 nm and operating at a current of 28 A is used for tt
when compared to the reciprocal of the flow rate. Thus, it IS

necessary to excite the xenon immediatel on entrv in t xcitation of rubidium. Circular polarization of the pumping
. ary xcl X ! lately up yi |§ht was achieved with a polarizing beamsplitter and half
coil region before relaxation takes place.

: . . wave and quarter-wave plates (Newport Corporation, lrvin
For two-dimensional exchange experiments, a much Iong@&) The NMR sample cell (10-mm outer diameter, 8-mn

recycle delay was required to ensure optimum signal intensimner diameter) is connected to the optical pumping sett
Two to three dwell times were necessary to completely Sfirough the length of the homebuilt NMR probe with 1.65
change the xenon in the sample region. For these experimefisy-inner-diameter PEA (perfluoroalkoxy, Swagelok) tubing
it is mandatory that the entire coil region be filled with freshly,sing compression fittings. A few drops of Rb metal are place
polarized xenon, since the mixing time is on the same orderigfihe optical pumping cell which is heated by a stream of hc
magnitude as the spin—lattice relaxation time. For single-pulgg to approximately 448 K.
acquisition experiments, we expected tpat should exactly  |n order to reduce gas contamination, a rubidium reservoir
reflect xenon’s dwell time in the sample region, but we detefieated together with the optical pumping cell. The recirculate
mined a shortep ' since most of the signal arises from aenon passes through this reservoir where all impurities (mai
volume smaller than that enclosed by the coil. At the highér oxygen and water) should react with the rubidium befor
flow rate, p * becomes independent of temperature since teatering the pumping cell. Nevertheless, impurities in the g:
gas mixture is transported much faster through the coil regianixture inadvertently picked up by the gas when traversing tt
system and the sample were transported into the optical pun
ing cell which led to its deterioration over the course of sever
CONCLUSIONS days. Deposits in the pumping cell made it then necessary
exchange the rubidium. An additional gas purification devic

The sample temperature in a continuous flow optical pum uch as a titanium gette8)(will probably extend the lifetime
f the pumping cell.

ing system is strongly affected by the flow rate of the gas T o
; 7199 ) e As expected, the xenon polarization increased with incres
mixture. A decrease itf°’Xe NMR chemical shift with increas .
ing gas pressure. For safety reasons, data were usually recor

ing flow rate is .caused .by a temperature rise due to the wa a total pressure of 422 kPa, which corresponds to a part
gas stream. This effect is strongest for the lowest temperatu e

. ) ) . . 8ssure of xenon of 1.28 kPa. Under the closed circuit flo
and the highest flow rates as calibration with the isotrop nditions, the xenon polarization as determined by NMR in &
chemical shift of the?’Pb resonance in solid lead nitrate,

. . ) mpty sample cell was about 1.5%.
revealed. While precooling of the xenon gas mixture to the

sample temperature would avoid this warming effect, it is
conceivable that it would also lead to a decrease in xenon
partial pressure at the lowest temperatures. The inversion rewe acknowledge financial support through ACS-PRF Grant No. 30916-
covery method was found to be the most reliable to determipes for an NMRPI grant through UCDRD. A. Fonseca acknowledges financi
flow rates. Characteristic pulse repetition rates depend on fﬁgport through the Belgian Program on Inter University Poles of Attractio
fl . ined with | h h . initiated by the Belgian State, Prime Minister’s Office for Scientific, Technical

ow rate |ntgrtW|ne W.It Tzlg' Our results show that continu and Cultural Affairs (OSTC-PAI-IUAP No. 4/10 on Reduced Dimensionality
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