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A nuclea magnett resonane (NMR) probe for high pressure high temperatue studies is
presentedWhile applicabk to mary physicad systemsthe device is optimized for the study of the
physics and chemisty of supercritich wate ard its solutions The desig is modula and is
particularly simple using readily availabke parts and materials A new approab is presentd for
elimination of the magnett field from the heate currents The probe has been used to 600 °C and
400 bar. The rf performane is quite good the NMR linewidth is abou 0.1 ppm full width at
half-heigh at any pressue ard temperature © 1997 American Institute of Physics.
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I. INTRODUCTION

Supercritica fluids hawe attractel a gred ded of recent
attention for both fundamenth studied and industrial
applications* The densiy and related properties suc as di-
electrc constah and solvent ability are continuous smooth
functiors of pressue and temperature This opers up the
opportuniy of using environmentalf benigh substancesuch
as CO, ard H,O as solvens in a pressure and/or
temperature-turie supercritica stae for chemic reactions
and/a separatia processes.

The critical point of wate (T.=374°C, P.=221 bar,
andp,=0.32 g/cn?) is aparticulary hard se of conditions,
comparel to the critical point of mary othe simple fluids?3
In addition supercritich wate is chemicaly aggressivefor
example it can dissole silica glass? Neverthelessthere are
severa exciting aspecs of supercritich water's chemistry.
One exampe is that controlled oxidation of toxic and haz-
ardots organics to innocuots erd producs can be performed
in supercritich water>® Anothea exampe is tha Evilia
et al.” ard other§*® found massie deuteratia of simple or-
ganics (e.g, benzeng in supercritich D,0O, with very little
auxiliary reaction Chemisty occus in ocean floor hydro-
therma vent at near-critich conditions this chemisty has
been implicated in the geologt formation of CH, natural
gaS}O—ls

We repot her a nuclea magnett resonane (NMR)
probe designeé for use nea and abowe the critical tempera-
ture and/a pressue of water The apparats allows nat only
for measuremestof physicd properties such as chemical
shift, diffusion, ard relaxation times but it allows the dy-
namics of chemic# reactiors to be studiel in situ in this
novd medium In situ measuremestoffer a substantiim-
provemen over batch-moeé techniqus (e.g, run the reac-
tion for N minutes ard then analyz off-line, repeatiry for
severd values of N), principally in the rapidity with which
data may be collected.

Severd schems hawe been publishel for NMR at high
pressuresMerbad et al. hawe divided the desigrs into two
groupst* In one group the high pressue sampe is held in-
side astrorg vessé (necessanl an electricd insulator for rf
field penetrationlocated in aconventionaNMR probe This
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methal offers the advantag of simplicity ard afield resolu-
tion nearly as goad as the commercia (ambiert pressurg
probe In this group Ro€é™® ard others®!” haw reportal de-
sigrs basa on single-crysta sapphie tubes with pressures
reportal up to 400 bar. Glass capillary tubing has also been
usal successfully®2! Very narrav fusel silica capillaries
of the type employel for capillary gas chromatograpy have
been usal to a remarkabé 4000 bar?? But the chemicé re-
activity of supercritichwate preclude the use of all but the
sapphie tubes Furthermore the high critical pressue of
H,O is nea the limit of the reportel range of the sapphire
designsAlso, the temperatureinvolved exceel the range of
mog commercia NMR probes While, it may yet prove pos-
sible to work with supercritich wate in a suitabk sapphire
or othe vessel our decisi;m was tha the secom group of
desigrs discussd by Merbad et al. would be safeg and more
likely to succeed? In this secom kind of high pressure
probe the rf coil, NMR samplg and pressurizig fluid are all
containel in astrorg metd pressue vessef>?° The design
reportal here is of this kind. We note tha DeFries and
Jona$&® haw describe such a NMR proke for use with su-
percriticd water Jona and co-workes subsequengl re-
ported measuremest of water's spin-lattie relaxation
time®>3! and diffusion coefficient? over a wide range of
temperatug and pressure.

This article first presenté abroad overvienv of the NMR
probe design Then detaik are provided abou mary aspects
of the device Finally, the performane of the probke is dem-
onstratedSupplies of mary of the materiat are specifial in
the reference as an aid to the reade but not as an endorse-
mert of specift vendos or products.

II. OVERVIEW OF THE NMR PROBE

The bast desigh makes liberd use of ideas from probes
describel by Jona and co-workers?®?° Thus the pressure
vesseé (Fig. 1) is atitanium alloy, Ti-6-4. Large Ti-alloy nuts
secue the end plugs The resistance-we furnae for the
NMR sampe is internal keepirg the pressue vessé cooler
ard stronger The vesséis pressurizd with arga gas trans-
mitted to the wate or aqueos solution sampé by a pressure
balance.
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FIG. 1. Overal side cut-awg view of NMR probe not drawn to scale The
titanium alloy Ti-6-4 vesseé is pressurizd with argan gas the pressue is
transmittel to the sampé through the free piston.

There are severdsignificart desigh improvemens which
make the presem device cheape ard simple to build, com-
paral to the DeFries and Jona apparatug® The probe de-
scribed here uses a single pressue vessel insteal of two.
The erd closures are seal@ by rubbe O-rings insteal of
specializel metallic C-seals The rubbe can toleratk virtually
ary quality of surfae finish. The presemn electrical
feedthrough are simple ard use O-rings The sampé vessel
describé hete is macke from stodk ceramc tube ard rod; the
previows design used a maching cerame vessé and C-seal
closures with polishel finishes on metd and ceramic A free-
pistan with rubbe O-rings is usel as the pressue balance,
instea of a bellows device The free-pista can pop out the
erd of its cylinder, providing automatt protection against
exces gas formation (e.g, by decompositia of an organic
solute. The heate is driven by high-frequenyg ac, eliminat-
ing the effed of residud magnett fields on the NMR. A
thermowel provides an eay mechanim for measurig axial
temperatue profiles Furthermorethe preseh equipmet is
intendel for use only to 400 bar, instea of 2000 bar. This
simplifies the pressue generatioa (no compressqrjust a
high-pressuz cylinder) and substantialf decrease the risk
of rupture both to humars and the magnet Nevertheless,
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FIG. 2. Cross-sectioraview of NMR probe at the approximae heigh of
the rf coil. The leads of the rf coil are separaté by the thin glass insulation.
The heate is serpentie (zig—zag in the double-hoé cerame space tubes.

400 ba includes much of the interestig chemisty tha has
been reportel in supercritich water.

To complet the overview, the NMR coil is asaddle-coil
connectd throuch a shot internd coaxid line to a tuning
box located just abowe the uppe closue nut The entire
probe is located in a45 T (1866 MHz protong supercon-
ducting magné of 98 mm bore with room temperatue shims
(abou 82 mmi.d.). A more traditiond 89 mm magne would
be adequate.

Ill. DETAILS OF THE NMR PROBE

The pressure vessé (Fig. 1) is mack of titanium alloy
Ti-6-4 (6 wt % Al, 4% V). The oute diamete (0.d) is1.5in.
(used as received and the inner diamete (i.d.) is 0.87 in.
(Fig. 2). The overal length with the end closue nutsis 22 in.
While the centrd hole could be bored or even gun-boredour
vessé was simply drilled from both ends leaving a small
ledge of no consequencgFor field homogeneitythe ledge
is beg locatel at leag 2 in. from the rf coil position) With
thes dimensionsthe vessé shoutl be capabé of an internal
pressue greate than 2000 bar, providing alarge safey mar-
gin over our highes working pressure400 bar. Before use,
the vessé was testal at 670 bar with hydraulic oil and a
hand-pump.

The end closures use bras plugs rubbe O-ring seals,
ard massie Ti-6-4 alloy closure nuts. The o.d of the nutsis
30 in. and they are internally threadd 1.5 in. by six
thread per in., to matd the externd thread on the ends of
the vessel For strength we usel 85% of the full, theoretical
threal depth As shown in Fig. 1, the O-ring sed is trapped
betwea two ledges this sed has bea very reliable The
closue nuts neal only be tightenal by hard (no wrend flats
are provided. Immediatey after depressurizatignthe clo-
sure nuts are difficult to remove presumab} becaue of
sone stretchimy of the O-rings unde pressureA few hours
delay at room pressue eass removd of the nuts The
O-rings eventualy relax to therr corred size ard can be re-
used.

The pressure vessé and closure nuts contribue mog of
the probe’s mass abou 6 Kg. In 1995 the Ti-6-4 alloy stock
cog $2003
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There are two brass end plugs (Fig. 1). The lower plug
has only one feature an inlet for the argm pressurizig gas.
A 0.5 in. o.d by 0.083 in. i.d. stainles steé 304 tube is
thoroughy silver-solderd into the plug, to avoid cata-
stropht ejection unde pressureFor safey reasonsa stain-
less plug and a threade joint might be superior A rupture
disk®* rated at 550 bar is locatad on the gas suppy tubing,
within 10 in. of the bottom plug. We wam that the vessel
mug hawe alow impedane path to the rupture disk, for
safety.

The upper brass end plug carries five identicd electri-
cd feedthrougbk ard athermowsel (Fig. 1). The thermowell
is aclosal tube into which the thermocou is inserted with
no neeal for a sliding seal The tube is 3 in. 0.d bras with
0.064 in. i.d.%® The tube is soft-solderd into a steppel hole
in the bras erd plug. The steppé hole prevens ejection
unde pressure During soldering the bras tube mug be
fully seatel on the step if not, application of pressue will
sed the tube shearig the solde joint. The lower erd of the
tube is pluggeal by a shot bras rod, silver-solderd into
place At the pressurs ard temperatursused here the brass
tube will collaps eventually To avoid this, along ceramic
insulator® is placel the entire lengh of the thermowell The
+ in. 0.d cerame insulato fits snugy and suppors the
brass The 3 in. i.d. is adequa for a 0.02 in. o.d type E
thermocouple® with stainles 316 externa jacke (18 in.
long). The thermocoup is easiy moved up and down to
determire the temperatue profile. To facilitate this from out-
side the magne bore a sd of guide tubes is employed Be-
caue of the magnett susceptibiliy of the thermocouple
jacket it is raised away from the rf coil region during signal
acquisition.

The electrical feedthroughs [Fig. 1 and detal in Fig.
3(b)] are constructd of Torlon, astrorg and easily machined
plastic Three feedthrougbk are usal for the two-section
heater ore is for the rf, ard one is aspare Excef when the
uppe bras end plug was allowed to becone too hot, these
feedthroughk hawe bee very reliable A possibe improve-
mert would be to use a stainles ste¢ screwv in plag of
Torlon, with insulatirg tubing over the wire. The hole in the
bras end plug is threade 8—32 only at the bottom allowing
the O-ring a smooh surfa@ upon which to seal.

The sample vessé [Fig. 1 ard detal in Fig. 3(a)] is a
cerame closed-ed tube’’ (99.8% alumina, : in. o.d, and
< in. i.d.). Alumina is one of the few insulatirg materials
imperviows to supercritich water?3® Exces volume in the
tube is removel by an alumira rod3” At the bottom cool
end the alumira tube is rubbe O-ring sealel to a stainless
steé¢ 304 cylinderfree piston device!’*°*°Becaus the in-
ternd ard extern& pressure are equalized the ceramc tube
neal nat be strong The free piston carries two O-rings to
help piston alignmen and to preven leakage An O-ring
sealel screv in the piston provides acces ard venting for
fillin g the tube with a sample One could alo use liquid Hg
to separat the argan and the sample®®

The free piston arrangemenworks well, thoudh one
mug keep the sealirg surface free of scratchesWe rou-
tinely ched for infusion of arga into the sampé by mea-
suring the pistan location with a micromete deph gauge
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FIG. 3. (a) Detai of the ceramc sampé tube and free-pista pressue bal-

ancirg arrangementThe stainless-stdecylinder and piston are far from the

heatel region and reman cool. (b) One of the five electricd feedthroughs,
located in the uppe bras end plug (see Fig. 1). The screv has smal wrench

flats to assis tightening.

before and after a high pressure/hig temperatug experi-
ment Any argm gas finding its way into the sampé would
cau® thes positiors to differ. We are frankly surprisa that
the net piston displacemenis unmeasuralyl smal (<0.001
in.) when pure wate is run at supercritich conditions.
Chemicéa reactiors from solutes may also generat products
that will be in the gas pha upa retun to room conditions.
If too much gas is generatedthe free piston will be pushed
out the bottam erd of the cylinder [Fig. 3(a)], protectirg the
sampek vessel.

The rf coil consiss of a two-tum sadde coil, oneturn on
ead side of the sampk vessel The coil is mace from copper
foil 0.0@B in. thick. It is cut by scissos ard folded at a bend;
the berd receives atoudh of silver solde for stiffness The
two coil leads exit from the rf coil fairly close togethey to
redue stray rf fields (which would generag¢ signak from
unwantea regiors of the sampé with lower field homogene-
ity). A thin pieee of glass separate the leads (Fig. 2). The
coil is fixed to a Rescof! (an inexpensie machinabé ce-
ramic) piece with alight application of cemen (hed treated
to 100 °C while evacuatig to remowe exces watep.*?

To conve the rf coil wires the distane of abou 9 in.
(which lengh is required for the erd plug to remahn cool) to
the rf feedthroudp in the uppe bras end plug, a coaxid line
is employed This follows the ideas amd desigrs of
McKay**** and resultel in substantiarf performane im-
provement compare to simple 0.8-mm-dian coppe wires.
To redue therma conduction thin-wal tubes are used We
used 0.0( in. wall Everdu coppe alloy tubing which hap-
penal to be available:3 in. o.d for the oute conducte and
% in. o.d. for the inner conductor Quart tubing (fused
silica) is usel as the dielectric and space betwea the con-
ductors The encs of the inner tube are plugged with silver-
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solde to preven convectim throuch the tube but the tube
mug be ventad somewhee to preven collapse unde pres-
sure Alternatively, readily availabke hard-dram copper
tubing®® could be drilled from both ends to awall thickness
of 0.0 in. or less The oute tube could be constructd from

coppe foil rolled arourd the silica dielectric ard then tacked
togethe at the sean with asmal amoun of silver-solder.

An externa tuning box is locatal immediatey above
the uppe bras erd plug. In our case the ne impedane at
that point at 1866 MHz was nea series resonane (zero
impedancg A series inducta of coppe ribbon is used to
malke the impedane inductive so tha a conventionatuning
capacito (1-10 pF) forms atuned circuit.*> Matching to the
externd 50 () line was accomplishd with a series capacitor
connectd to atap on the inductor.

The heate isin two sectionsuppe ard lower, to allow
the temperatue profile to be adjusted® Ead sectim is 1.5
in. long, with chrome resistane wire passd up and down
through two-hole alumira tubes (“thermocoupk insulation
tubes™)*® closel packel arourd the perimete of the 3 in.
o.d bras suppot tube (Figs 1 ard 2). The spacimy between
the sectiors is 1.1 in. Ead sectin has aresistane of 30 Q).
The two sectiors are in series with an external adjustable
resisto in parallé with the uppe section Becaus of con-
vection in the high pressue argon the uppe heate requires
less currert than the lower one Simple rf filters outsice the
pressue vessé eliminatke ary rf noise picked up by the heater
wiring.

Even thoudh the heate is nominally noninductie (Fig.
1), the heate currert produce sufficiert magnett field to
distuib a high-resolutim experiment One solution to the
problem is simply to tumn off the heate for the duratian of
da® acquisitinn of ead free induction decay?® Thus we use
a field-effed transisto (FET) switch controlled by the spec-
trometers pulse generato through an opto-isolato to turn
off the heate for 0.20 s, startirg 0.01 s before the inspection
rf pulse This works well, but it is not elegant Furthermore,
changsin the pulse repetitin rate will caug achang in the
duty cycle of the heate (always greate than 90%), changing
the temperature.

A bette solution is to convet the dc powe to the heater
into high frequeny ac An H-bridge of four switching power
field effed transistos (FET9 with IR2110 drivers produces
10 kHz ac square-wag powe to the heater$® The stability
of the temperatue is determine by the currert regulate dc
sour@ which supplies the dc—ac converter At suc a high
frequency ary magnett field from the heate produce only
very we& sideband in the NMR spectrum The 10 kHz
spacig guarantegtha the sideband canna be confusel for
chemicaly shifted lines A capacito in series with the heat-
ers ensurs tha no dc componehis present No rf noise is
introducel by this scheme.

Convectim of the arga is asubstantibproblem at high
pressureTo redue@ convection the spa@ betwea the 3 in.
0.d bras heate suppot tube and the sampk vessé (or,
highe up, the coaxid line) isfilled with astad of 11 Rescor
pieced! (nat shown in Fig. 1 but represent in Fig. 2). The
rf coil is fixed to one of thee 11 (see above. Betwee the
heate and the pressue vessel Resco pieces (nat shown in
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Fig. 1 but representg in Fig. 2) are usal as therma insula-
tion. Smal amouns of ceramc cement? are usal nea the
heate to plug convectim paths Neverthelessthe powe re-
quired to read 400 °C rises from 92 W at 19 bar to 200 W at
400 ba internd pressure The hotte$ spd also moves up,
requiring a readjustmen of the division of powea to the
heate sections We useal additiond Resco pieces to reduce
the unusel volume and storeal energy in the pressue vessel.

Water cooling coilsof §in. 0.d., % in. i.d. coppe tubing
are wourd over the lower and uppe sectiors of the pressure
vessel The centrd five inches are not cooled directly, but
remah cooleg than 100 °C during operation As an after-
thought a coppe clamp in contat¢ with cooling coils was
addel to the uppe closue nut The coils are not solderel to
the vesséor clamp rather athin layer of greag aids thermal
contact but it is nat critical. Thus the cooling coils are eas-
ily removel or repositioned.

A long aluminum tube surround the coppe cooling
coils ard slides over them from one end This tube carries
the gradient coils (dH,/9z) required for field gradient mea-
suremen of diffusion coefficients The cooling coils thus
alo provide cooling to the gradien windings The gradient
coil is wourd on the 2in. 0.d. aluminum tube and has four
sectiors consistimg of two antisene pairs The inner pair has
7 turns pe section separate 0.60 in.; the oute pair has 70
turns pe section separatd 2.30 in. Thes values were taken
from acompute calculation of the Biot—Savat law to yield
the mog uniform gradient.

The argon pressurizing gas is obtainel from acommer-
cially availabk large cylinder (size BX) at 400 bar. Com-
paral to any compressp equipment this approab is inex-
pensive and easy The pressue is reducel throudh a valve
(Whitey, Kel-F tipped stem*’ and measurd with an ordi-
naty Bourdmm gauge amd a more accurag pressure
transducer® At thee pressuresCajon VCO-4 fittings (O-
ring face-sealef® work well and easily We prefe small
bore piping (& in. o.d by 0.03 in. i.d., stainles 316
becaus it restrics both the maximum flow rate in the event
of a rupture or ejectin and the volume of gasinvolved This
tubing is also very convenieh becaus it is so flexible. The
stainles tubing is silver-solderd into the VCO fittings with
the aid of stainles bushings It is pruden to tie down all
tubing to preven whipping in ca® of ejectian from afitting.

Becaus of the possibility of rupture unde pressurewe
ensue tha the ends of the magné bore are relatively open,
offering alow impedane pah for escapig gas Above the
uppe closue nut, a 3-in.-thick wall aluminum tube is used to
proted the magné bore Immediatey surroundirg the probe,
the room temperatug shim assemby offers sone protection.
We also recommend an additiond safey shied betwea the
2 in. aluminum tube and the room temperatug shims.

IV. PERFORMANCE OF THE NMR PROBE

The /2 pulse length for protons at 186.6 MHz is A8
a all temperaturein this probe for an rf powe of abou 18
W. For comparisonwe constructd ated probe with asimi-
lar size sampé with tuning and matchirg componerg lo-
catal nea the rf sadde coil; this probe had 10 us 7/2 pulses.
Thus therf performane is more than adequag (the chemical
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FIG. 4. Protmm NMR specta of a dilute solution of para-ethyl phend in
water, all at 250 bar (abowe the critical pressurg The specta hawe been
slightly shifted to keep the ring resonance (at left) of the solute in afixed
location on the spectraAs the temperatug is increasedthe wate resonance
shifts to lower frequeny (to the right) because of the disruptin of the
hydrogen-bod network.

shift range for protors is only abou 10 ppm, or 2000 Hz).
The rf tuning changs only slightly with temperature
changesbut the dielectrc constam of deng argmn produces
a ~3 MHz tuning chan@ upon pressurizatio to 400 bar.
The main limitation to high-resolutio is tha the mate-
rials nea the sampé hawe nonvanishig magnett suscepti-
bilities. This probe exhibits alinewidth of 0.1 ppm, about 20
Hz, full width at half-maximum independenof pressue and
temperatureGreate attention to materiad selectio ard loca-
tion could improwe this linewidth. The field shim coils need
only smal adjustmert as the temperatue of the probe is
increasedNMR specta of H,O at varying temperature are
presentd in Fig. 4. Para-ethyl phend has been addel at
abou 2 ma % to provide chemicéa shift referene lines The
H,0 resonane shifts to decreasig frequeng (to the right in
the figure) as the hydrogen bondirg netwok is disruptel at
highe temperaturesBecaus the frequeng shift is measured
with respetto an internd referenceachang in the chemi-
cd shift of wate and/a the soluk is occurring not just a
chang in magnett susceptibility Because ther is essen-
tially no change in the relative shifts of the soluk lines it is
the shift of the wate tha is changing We are currently
studyirg the hydrogen bondirg in supercritich wate as a
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function of temperatug and density by mears of the chemi-
cd shift. New lines at the highes$ temperatue in Fig. 4 in-
dicake that the soluke has undergoe chemicé changes.

The axid temperatue profile in the sampé regian shows
goad uniformity for such a shot furnace The peak-to-peak
variation is 3 °C in the centrd 0.7 in. region centerd on the
rf coil center Over the centrd 1.25 in., thisbecome 8 °C, alll
at a centrd temperatue of 470 °C. A chat is maintainel in
the laboratoy tha provides the optimum value of the adjust-
able shun resistg to obtain the beg temperatug uniformity
at ead temperatue and pressue setting To date the probe
has bee used to 600 °C and 400 bar. No chemicé reactions
with the sampé vessé hawe been found.

V. POSSIBLE IMPROVEMENTS

In today’s world of highly efficient ard well-regulated
switching powe supplies one shoull be able to desiq a
compact self-containd sour@ of 10 kHz square-wave
powe for the heater without any need for a regulatel dc
source Pulse-widh modulation would be an appropriate
technique.

The sampek vessé we hawe usal to datke requires tha all
the sampé chemicas$ be put into the vessé at room condi-
tions then the vessé is sealed It would be advantageaaito
be able to inject smal amouns of solut into the cell while at
supercritich conditions A narrov bore teflon tube could be
connectd betwea the free piston and the bottam end plug
to allow this, alorg the lines of the filling tube in arecent
designt’
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