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1 Introduction

None of the materials presently in common use for polarized proton targets has
a pure carbon nuclear background. The alcohols and diols cor*3in some oxygen,
and the ammonia and amine-based materials contain nitrogen and/or other non-
carbon species. In the latter cases the noncarbon nuclei are measurably polarized
as a concomitant of the process used to polarize the hydrogen nuclei. The relative
simplicity of a pure carbon background (unpolarized, aside from the 13C present at
ssl% natural abundance) would be advantageous for most types of scattering exper-
iments and perhaps crucial for some. In addition to simplifying the kinematics of
background events, pure carbon is relatively easy to prepare as a "dummy" target
for background subtraction. Also, in such a target material, 13C-enrichment would
yield a clean polarized 13C material (with only a polarized H background).

In this note I explore the possibilities for such materials, touching upon only
what I consider to be the "high" points. The subject matter is capable of nearly
endless ramification and speculation. In fact, owing to a general lack of relevant
experimental data, even this relatively brief note contains much that is speculative
to some degree.

To date, all practical polarized solid targets have relied on some method of para-
magnetic doping in order to achieve large nuclear spin polarization. The paramag-
nets are embedded in the solid matrix and, at modestly low temperatures and mod-
erately high magnetic fields, attain a high spin polarization that can be transferred
to the surrounding matrix nuclei by the application of microwave spin-pumping, a
process that is one form of dynamic nuclear polarization (DNP). This fairly sim-
ple recipe works very well in a wide variety of matrices and with a wide variety of
doping methods, if one is satisfied with modest enhancements of the nuclear polar-
ization. However, if one is after polarizations that are a sizable fraction of 100%, the
recipe almost never works. Optimal results depend on the compliance of a number
of parameters. Some of the parameters are not very easy to quantify in practice,
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and so we are left with an irreducible component of trial-and-error. (Even when
dealing with a well-known and much-used polarized target material, we may not
understand in great detail "why it works.") One degree of freedom is the choice of
doping method, and I have subdivided this note along that line.

In what follows, the term "hydrocarbon" is used in its strict sense of "material
containing only carbon and hydrogen." The term "proton" is short for "nucleus of a
hydrogen atom" (as opposed to protons bound in complex nuclei), unless otherwise
noted. Also, the common names isobutane, isopentane, and neopentane are used
for 2-methylpropane, 2-methylbutane, and 2,2-dimethylpropane, respectively.

2 Radiolytic doping

Two general methods of doping have had some success, "radiolytic" and "chem-
ical." I will consider the latter method in a separate section. In general, the "radi-
olytic" method may be divided into the following categories according to the physical
approach:

• Radiation damage. The solid matrix material is irradiated with a particle
beam, fission reactor flux, or a radioactive source. A fraction of the start-
ing material is converted in situ to paramagnetic fragments. The irradiation
must usually be carried out at cryogenic temperatures in order to stabilize the
paramagnets in sufficient type and number.

• Photolysis. In this case the energy required to break molecular bonds is sup-
plied by light. Photolysis may be carried out in situ in the liquid phase or
directly in the (usually cold) solid, but more typically the photolytic products
are created in gas phase and then frozen onto a cold substrate. The photolysis
may act directly on the primary matrix material or on a secondary stream of
some other substance which is then mixed into it prior to condensation.

• RF discharge. This method differs from photolysis only in that the energy is
supplied by a radiofrequency field. I suppose that high-voltage low-frequency
discharge could also be used, but one sees little mention of it in the literature.

In each of these procedures, the resulting type and density of paramagnet often
depends not only on the chemical nature of the matrix, on the type, dose rate,
and total dose of radiation, and on the temperature of the process, but also on the
physical state of the matrix (e.g., amorphous or crystalline) and on any subsequent
thermal experience of the solid (e.g., annealing). The paramagnets produced may
be charged (e.g., molecular ions, trapped electrons) or neutral free radicals (atoms
or molecules containing unpaired electrons).



There are currently two polarized target materials, ammonia and 8LiD, that
are successfully produced by using radiolysis. In both cases, the approach used is
radiation damage with particle beams. For 8LiD this is probably the only practical
approach. For ammonia, the photolytic and discharge approaches might also work,
although they have never been tried, to my knowledge. The paramagnets produced
in ammonia are primarily -NH^ radicals; those in 6LiD are F-centers (a type of
trapped electron).

2.1 Past attempts to dope hydrocarbons radiolytically for DNP

There has been very little work reported on DNP with radiolytically-doped hy-
drocarbons. I summarize here what little is known, listing the materials in order of
increasing relative hydrogen content.

Fluorine
The protons in fluorene (Ci3Hi0) have been polarized to 42% at 1.4 K, 2.7 T [1].

The doping approach was basically photolytic: Crystals of fluorene containing a
small admixture of perdeuterated phenanthrene were loaded into a DNP refriger-
ator, which was standard except that optical access to the sample was provided.
DNP was accomplished by using simultaneous application of microwaves and uv
light. The uv light excites metastable molecular triplet states of the phenanthrene
impurity, and the microwaves couple these to the surrounding nuclei. This pro-
cess is called "Microwave Induced Optical Nuclear Polarization" (MIONP). The
authors felt that polarization >80% might be achieved at higher fields or lower tem-
peratures. The most notable feature of this work is the fact that the paramagnets
(triplet states) can be "turned off" after polarizing, simply by turning off the uv,
leading to a long lifetime of the nuclear polarization at modest fields and tempera-
tures.

Polyethylene
Polyethylene (CH2) has been neutron-irradiated at room temperature, with sub-

sequent DNP carried out at 1.2 K, 2.5 T [2]. The maximum proton polarization
achieved was 10%. The authors felt that this result might be improved upon by
using irradiation at low temperature, but such tests were never made.

Ethane
A proton DNP of 10% has been reported [3] for beam-irradiated ethane (C2Ha) at

1 K, 5 T. Presumably the paramagnets were ethyl radicals ( ^ H s ) . Apparently the
authors were pessimistic about improving this result. Since few of the experimental
details were reported, it's difficult to judge if their pessimism is fully justified. In
this case, it may be important to note that we know of some materials that polarize
very well at 2.5 T but very poorly at 5 T [4].



Methane
Radiolytic methyl radicals (-CHa) have been produced in solid methane (CH4)

by a great number of workers [5, pp. 131-133], however, the outlook for successful
DNP is poor. As late as 1979, Glattli [6] was still entertaining some hopes, but his
subsequent publications do not mention DNP. Owing to rapid reorientational quan-
tum tunneling by one of the low-lying nuclear spin isomers, the proton spin-lattice
relaxation rate is apparently too iarge to support useful levels of DNP [7].

2.2 Possible candidates for future work

One could blindly select almost any hydrocarbon, irradiate it, and look for DNP.
Experience tells us that this sort of "shotgun" approach has a low rate of return
on time and money invested. Hence, we should look for selection principles that
will allow us to limit our choices to those possibilities that seem more likely of suc-
cess. In general, radiation chemistry tends to be very messy. This is one of the
disadvantages of the radiolytic doping method. In particular, in many substances a
number of different paramagnetic species are produced under the same irradiation
conditions. For reasons that I will not go into here, microwave DNP tends to be
rather unsuccessful when there are competing species of paramagnet present. It
seems to me that one useful selection principle, therefore, is to consider substances
that yield just one primary paramagnetic species upon irradiation. Examination of
the literature at hand, primarily Ref. [5], suggests that the following hydrocarbons
(other than methane and ethane) may have this property:

Primary Primary
Hydrocarbon radical Hydrocarbon radical

propane (C3H8) isopropyl cyclopentane (CsH10) cyclopentyl
n-butane (C4H10) isobutyl cyclohexane (CeH^) cyclohexyl
n-pentane (C5H12) isopentyl ethene (C2H4) ethyl
neopentane (C5H12) neopentyl propene (CsHe) allyl

As one goes to larger molecules than these, the radiation chemistry becomes more
complex. Even for the above cases, some modest thermal cycling might be needed
after radiolysis to anneal out unwanted species such as trapped electrons and H-
atoms.

There are some practical considerations that we could use to further narrow the
selection. The melting points of propane (s=85 K) and propene (88 K) are below
the temperature («90 K) of the liquid argon (LAr) cryostats that are normally used
for material irradiation. If we want to use existing cryostats, we may not want
to consider propane and propene. Also, ethene (m.p. 104 K) is marginal in this
respect. Furthermore, there is the question of solubility of the hydrocarbon in LAr
(a question that is not unrelated to the melting point). Propane is evidently highly



soluble in LAr [8]. Even in LN2 (77 K), the solubility of propane is not entirely
negligible (=a 10~3 mole fraction) [8]. We may guess that ethene and propene have a
similar problem. Even butane may be marginal in this respect. It has a solubility of
<10~4 in LN2, which is probably small enough for our purposes, but the solubility
in LAr may be as high as 10~3 [8]. We may consider bypassing solubility problems
(at least during the irradiation process) by using indirect cooling of the LAr, or gas-
phase cooling. However, if the heat-exchange gas is Ar or N2, there may still be the
"inverse" solubility problem: these gases may dissolve into the hydrocarbon to an
appreciable degree. Of course, if one can irradiate at LHe temperatures, there should
be no problem with melting points and/or solubility for any of the hydrocarbons.

3 Chemical doping

In general, the "chemical" doping method may be divided into the following
categories according to the physical approach:

• Gas-phase mixing. The matrix material is mixed with a stable paramagnet,
with both in gas phase, and the mixture is condensed and solidified directly at
sufficiently low temperature, bypassing the liquid state. This method is closely
akin to the above photolysis and RF discharge methods. The difference in this
case is that the paramagnet is a species stable at ordinary temperatures for
times long enough to permit the necessary handling.

• Liquid-phase mixing. In this case a stable paramagnet is dissolved into the
liquid-phase matrix material and the mixture subsequently frozen. The para-
magnet may be a liquid at the mixing temperature, but typically it is a solid.

• Liquid-pha.se reaction. A nonparamagnetic species is dissolved into the liquid-
phase matrix material and a chemical reaction creates stable paramagnets in
the solution, which is then frozen.

• Co-crystallization from solution. Here, both the stable paramagnet and the
matrix material are dissolved in a common solvent and the doped matrix is
obtained by crystal growth from the solution.

• Solid-phase diffusion. In this method a stable paramagnet is brought into
contact with the solid-phase matrix material and the paramagnet diffuses into
the matrix. The paramagnet may be solid, liquid, or gas. Similarly, a solid-
phase reaction might be used.

• Ion implantation. Here, stable paramagnetic, ions are accelerated into the solid
matrix.



In each of these processes, the term "stable" relates to the context of the process.
The paramagnetic species may be indefinitely stable in free form at ambient condi-
tions, or it may have a finite lifetime at ordinary conditions, becoming indefinitely
stable only in the final low-temperature end product. In general, fewer types of
paramagnet are stable enough to be used in chemical doping than in radiolytic dop-
ing, mainly because of the higher temperatures that are usually required. This is one
of the comparative disadvantages of the chemical method. On the other hand, with
chemical doping there exists much greater control of the type and concentration of
the dopant.

The classical polarized target material, lanthanum magnesium double-nitrate
doped with neodymium (LMN-Nd), was produced by co-crystallization of lanthanum
and neodymium salts from water solution. In this case, the associated crystalline
water of hydration was the only part of the matrix useful for proton targets. Some
of the more modern materials are produced by liqu;d-phase reaction, e.g., diols are
reacted with dissolved inorganic dichromate salts to form metastable Crv paramag-
netic complexes. In this case the preponderant umeacted diol serves as the matrix.
Other modern materials are produced by liquid-phase mixing, e.g., the stable free
radical porphyrexide dissolved in alcohols and the organic-acid-derived stable free
forms of Crv dissolved in alcohols and diols.

3.1 Past attempts to dope hydrocarbons chemically for DNP

A larger amount of effort has been expended on obtaining DNP in hydrocarbons
with chemical doping than with radiolytic doping. Most of the attempts have used
the liquid- phase mixing approach, because of its relative simplicity. It is fair to
say that much of the work has gone unpublished owing to poor results, although
in a few cases negative results have been conscientiously reported. I will not try to
be exhaustive but simply list here some of the attempts that I know of that seem
more interesting, either because they are representative of some class of material
or approach, because relatively large values of DNP were achieved, or because they
suggest techniques that might be worth further exploration. Again, the list is in
order of increasing relative hydrogen content.

Polystyrene
Proton polarizations of 22% have been reported in polystyrene (CH) at 1.2 K,

2.5 T [9]. The dopant was the stable free radical 2,2-diphenyl-l-picrylhydrazyl
(DPPH), which was dissolved in ethylene dichloride along with polystyrene, and
the solvent was subsequently evaporated from the mixture. This is essentially a
co-crystallization type of approach, although bulk polystyrene has little crystalline
character. (In fact, this may be the reason that some modest success was achieved,
although it was not so realized at the time. See below.)



Toluene
The earliest report of sizable DNP (s=30%) in toluene (C7H8) is that of Wagner

and Haddock [10], at 1.0 K, 2.04 T. The approach was liquid-phase mixing of DPPH.
Later measurements of this system gave polarizations of «50% at 0.5 K, 2.5 T [11].
This same author achieved «60% polarization with the stable free radical di-tert-
butylnitroxyl (DTBN). Also using DTBN, but with a dilution refrigerator (DR) ai,
2.5 T, Penttila et al. [12] achieved «70% polarization. (This was in 13C-enriched
toluene.) A polarization of ss25% has been observed [13] at 0.5 K, 2.5 T using
the stable free radical sodium bis[2-ethyl-2-hydroxybutanoato-(2-)]oxochromate(v)
(EHBA-Crv), with a small amount of a crown ether admixed in order to "solubilize"
this complex in toluene. This last case is interesting for two reasons: (1) it showed
that EHBA-Crv, ordinarily not soluble in nonpolar solvents like the hydrocarbons,
can be made soluble at least in aromatic-type nonpolar solvents, and (2) the author
noted that this sample had inadvertently been allowed to crystallize prior to the
DNP measurement. Had this not happened, I do not doubt that the polarization
would have been considerably larger. This test was never repeated. (See below.)

Waxes
Samples of "Parowax" (CH2) doped with DTBN have been polarized to 20-30%

at 1.0 K, 2.5 T [14]. The samples were prepared by liquid-phase mixing at a tem-
perature just above the melting point of the wax.

Polyethylene
A proton polarization of 50% has been reported [15] in polyethylene (CH2)

doped with the stable free radical 2,2,6,6-tetramethylpiperidine-l-oxyl (closely re-
lated, structurally, to DTBN). The polarizing conditions were not cited, but this
was probably at 0.5 K, 2.5 T. The approach was solid-phase diffusion. This is
the only example that I know of in which this approach has been used with some
success.

Squalane
In 1973, I obtained proton polarizations of +55/—46% in squalane (C30H62)

doped with DTBN, at 0.5 K, 2.5 T. The approach was liquid-phase mixing. (Squal-
ane is a heavily-branched alkane, liquid at room temp., m.p. -38 °C.) These data
were never published.

3-Methylpentane
I have a hazy recollection of obtaining DNP of 20% or so in 3-methylpentane

(CeHn) sometime around 1969. (I recently discarded many of my notes from those
early years.) If so, the approach would have been liquid-phase mixing of DTBN,
the conditions would have been 1.0 K, 2.5 T, and the samples would have been
"bagged" in FEP film rather than in bead form, as was the practice at that time.
Even if my recollection is wrong, this sort of result would be quite plausible given
what we now know. (See below.)



Ethane
Sometime around 1970, Hwang [16] did an experiment in which he mixed DTBN

vapor with gaseous ethane and froze the mixture at LHe temperature (gas-phase
mixing). He subsequently observed the presence of N14-triplet hyperfine structure
(hfs) in the EPR of the solid, indicating that he had probably achieved a good
physical dispersion of the DTBN by this method. (If the DTBN had aggregated or
"clustered" in the solid phase, one would have expected exchange effects to have
"washed out" the discrete hfs.) To my knowledge, this observation has never been
followed-up with DNP tests.

3.2 Possible candidates for future work

Perhaps the principal reason that higher polarizations than the above have not
been achieved in hydrocarbons is that our "favorite" paramagnets (Crv complexes)
are not soluble in these nonpolar solvents. As mentioned above, one can, with
crown ether additives, attain sufficient solubility in aromatic solvents, but these
are inherently less rich in hydrogen than saturated hydrocarbons. We may consider
increasing the hydrogen content of toluene by adding a number of -CH2- groups to it.
For example, 1-phenyltetradecane (C20H34) is barely still liquid at toom temperature
(m.p. 16 °C), but even with that large number of CH2's added, the hydrogen content
is only 12.5 wt%. Moreover, the complexing ability of the crown ether would likely
be diminished for such an increase in aliphatic character.

On the other hand, the few stable free radicals (notably nitroxyls such as DTBN)
that do have reasonable solubility in the alkanes seem to yield DNP-values that are
just short of being competitive with those of the Crv-doped alcohols, etc. In fact, the
arrival on the scene during the 1970's of diol-, alcohol-, and ammonia-type targets in
which polarizations of 80% are readily achieved was a factor in the general lessening
of interest in, and the spending of scarce resources on, research on the hydrocarbons.
However, it seems possible to me that polarizations approaching 80% in the alkanes
are not beyond reach, usiig DTBN or related radicals, if we were to fully apply all of
the techniques and knowledge that are now available. Note that, in every example in
the previous section, not all of the ibllowing techniques were simultaneously applied:

• The use of DR-cooling.

• The use of frequency-modulation of the microwaves. (We now know that this
often improves the polarization.)

• The use of the bead form to improve heat transfer.

• The use of magnetic fields differing somewhat from 2.5 T. (Although it appears
that DNP with Crv may be near optimal at 2.5 T, there is absolutely no reason
to suppose that it is optimal for DTBN.)
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Since the inherent figure of merit of some of the light alkanes exceeds that of existing
materials (see below), it is also true that they would be competitive at somewhat
lower polarization values.

Another reason for the relative lack of success with hydrocarbons is that our
"favorite" chemical doping methods, liquid-phase reaction and liquid-phase mixing,
are usually successful only if the matrix material readily forms a glass, so that,
upon freezing, the desirable property of disorder of the liquid solution (random
spatial distribution of the paramagnets) is carried over to the solid state. If the
matrix crystallizes, the chances are good that the dopant will be rejected from the
lattice as it forms and end up as separate aggregates macroscopically interspersed
at the boundaries of crystal domains. This elementary fact has been known to
physical chemists and materials scientists for a very long time, but its significance
only dawned on us "polarizers" slowly over the course of the 1970's. It so happens
that, of the examples in the last section that relied on liquid-phase mixing, all
are either easy glass-formers (polystyrene, toluene, squalane, 3-methylpentane) or
low-crystallinity polymers (waxes). On the other hand, many hydrocarbons do not
vitrify readily. In particular, some of the most hydrogen-rich hydrocarbons, the
light alkanes such as methane, ethane, propane, and butane, are probably poor
glass-formers, at least in pure form. But we also now know that the admixture
of a relatively small amount of some second substance to the matrix material can
sometimes convert a recalcitrant substance into an easy glass-former, and I think
that some of the light alkanes might respond to this technique.

A third reason for difficulty with the hydrocarbons, at least the most hydrogen-
rich ones, is that the melting points tend to be rather low, which complicates the
necessary processing and handling. However, if the motivation were sufficiently
strong such problems could obviously be overcome. That only takes engineering!

In the process of trying to guess at which possible future efforts might prove the
more productive, once again I will use some selection principles to help narrow the
focus. First, I will concentrate on the liquid-phase mixing approach, since it is the
simplest and probably would require the least in the way of new apparatus and new
learning. In turn, this implies that I focus on the issue of glass formation. Second,
any new target material, in order to be very interesting, should have the highest
possible relative content of hydrogen. Since I know from prior investigations that
the alkane isopentane (CsH12) is an easy glass-former, I can confine the search for
other possible glasses to open-chain alkanes with number of carbons <5. I am fairly
sure, in fact, that isopentane is the only open-chain alkane with nc<5 that readily
vitrifies in pure form. Therefore, if I hope to make use of the greater hydrogen
content of the lighter (nc < 5) alkanes, I should look for "vitrifying additives" for
these substances. This could open up a fairly wide and unmanageable territory,
so I will limit my considerations here to the straightforward and not unreasonable



Table 1: Thermophysical properties of open-chain alkanes with nc<5 .

Alkane

Methane (CH4)
Ethane (C2H6)

Propane (C3H8)
n-Butane (G4H10)
Isobutane (C4H10)
n-Pentane (C5H1?)
Isopentane (C5Hi2)
Neopentane (CsHi2)

F.W.

16.04
30.07
44.10
58.12
58.12

72.15
72.15
72.15

Tm.P.

(K)'

90.6
89.8a

85"

134.8
113.8
143.4
113.2
256.4

HR-1

(K)

112.7
344

424

561

555

1013
619

392

p(solid)
(g/cm3)

0.519 [90
0.698 [90

(0.74) [85
(0.79) [77
(0.78) [77
(0.82) [77
0.816 [77

(0.81) [77

K]
K]

K]
K]

K]

K]
K]c

K]

n.b.p. Tg

(K) (K)

109.2
184.6
231

273

261

309
301 65rf

283

"See text.
6 Average of several sources.
'Author's measurement.
''Ref. [18, p. 6].

situation in which the alkanes serve as vitrifying additives for each other, i.e., I
consider mixtures of open-chain alkanes with nc < 5. Lastly, I am going to exclude
methane from the picture, since I feel that its small relaxation time makes it a poor
candidate.

It is by now well known that the mixtures that have the best chance of ready glass
formation are eutectic mixtures [17]{18]. I don't have at hand any published exper-
imental information on the phase diagrams of mixtures of these alkanes (although
such literature must surely exist). In order to make some initial quick estimates
I will calculate the binary eutectic compositions assuming ideal binary mixtures.
Rastogi [19] gives simple formulas for this case. If we let Ti be the melting points
of the two (i = 1,2) pure components and Hi be the corresponding heats of fusion,
then the mole fraction x of component 2 and the melting point Tc of the eutectic
mixture satisfy the relations [19, Eqs. (36) and (37)]

l\nx)-\ (2)

where R = 8.314 J/mol-K is the gas constant.

Table 1 lists the thermophysical data needed to solve Eqs. (1) and (2), along with
some other related information, for the materials of interest. (Methane is included
here for the sake of completeness.) Here, p is density, n.b.p. is "normal boiling
point," and Tg is the glass transition temperature. Except as noted, the data are
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Handbook values. The melting point listed for ethane is actually the temperature
of the solid-solid transition that is known [20] to exist just below the true melting
point, and the heat of fusion includes that of this transition. The densities given in
parentheses are my own estimates for those cases that I couldn't readily locate.

Table 2 gives the estimates of eutectic composition resulting from Eqs. (1) and
(2) for various binary combinations. Also included for comparison at the bot-
tom of the table are the corresponding data (where relevant) for pure isopentane,
3-methylpentane, ammonia, and the best of the "standard alcohol" target materials,
1-pentanol/water. In Table 2, the Effective Formula expresses the composition of the
mixture in terms of a fictitious 1-carbon molecule for ease of computation. Aside
from ammonia, the entries are arranged in order of decreasing relative hydrogen
content. The ratio Tej'T\ is a measure of the estimated depression of the melting
point, and has the following significance: mixtures in which the melting point is
more strongly depressed (smaller ratio) should be more favorable for glass forma-
tion, although quantitative distinction is difficult. For this reason, and in order to
slightly trim down the table, I have omitted five of the possible mixtures for which
Te/Ti > 0.98. The quantity Tg(est.) is the estimated glass transition temperature,
T^est.) RJ 0.67].. (Tg can be thought of as the softening, or "melting," point of a
glass, from a rather simplistic point of view. Remember that Te is the true melting
point of the crystalline form of the mixture.) I have estimated the solid density of
each mixture, ^>(est.), by combining the densities of the two components in the same
ratio as the mole fractions. The quantity px would be the overall density when used
as a target material,

pT = 0-65p(est.) + 0.35pLHe

= 0.65p(est.) + 0.049 g/cm3, (3)

where pLHe = 0.14 g/cm3 is the density of LHe, and the coefficients correspond to
a volume packing fraction of 0.65, which is typical for polarized targets. Similarly,
the overall hydrogen density, put, is obtained by multiplying the hydrogen density
of the bulk material by 0.65. Some of the numerical results have been carried to
more digits than warranted by the inputs, to reduce rounding errors.

The last two entries in Table 2 are figures of merit for the materials:

F = PT(PH/PT)2 x 104

= P2
H/PT x 104, (4)

Fa = ( ^ / p r ) 2 x l 0 4 , (5)

where F is the standard HEP figure, corresponding to the situation in which the
beam length of the target is limited by the target refrigerator's dimensions, and
Fct is the constant-thickness figure, corresponding to the situation in which the
beam length is limited by the scattering physics. (I believe that the second figure

11



Table 2: Properties of the estimated eutectic mixtures.

Eutectic mixture
Alkane(l)/alkane(2)

Ethane/n-butane
Ethane/isobutane
Ethane/isopentane
Propane/ethane
Propane/isobutane
Propane/isopentane
Isobutane/n-butane
Isobutame/n-pentane
Isobutane/neopentane
n- But ane/ neopent ane
n-Butane/n-pentane
Isob ut ane/isopent ane
Isopentane/n-butane
n-Pentane/neopentane
Isopent ane/ n-pent ane
Isopentane/neopentane

Pure isopentane
3-Methylpentane
Ammonia
1-Pentanol/water

X

(mol %)

10.4
19.2
17.1
47.6
15.4
13.2
31.6
12.5
13.3
21.3
31.9
48.8
31.9
26.6
12.3
13.2
—

—
—

«23.1

Effective
Formula

CH2.906

CH2.838

CH2.796

CH2.792

CH2.634

CH2.613

CH2.500

CH2.485

CH2.484

CH2.475

CH2.463

CH2.446

CH2.427

CH2.400

CH2.400

CH2.400

CH2.400

CH2.333

NH3

CH2.520O0.260

Tc

(K)

87.3

85.0

85.6
75.3

82.2

82.6

105.6

110.8

110.5

127.5

123.4

100.1

105.8

137.4

110.5

110.3
—

—
—

%190

0.972

0.947

0.953
0.886

0.967

0.972

0.928

0.974

0.971

0.946

0.915

0.880

0.935

0.958

0.976

0.974
—

—
—

—

Tfl(est.)

(K)

52

51

51

45

49

50

63

66

66

76

74

60

63

82

66

66

65

«77
—

%125

p(est.)

(g/cm3)

0.708

0.714

0.718
0.720

0.746

0.750

0.783

0.785

0.784

0.794

0.800

0.798

0.808

0.817

0.816

0.815

0.816

0.842

0.830

0.966a

PT
(g/cm3)

0.509

0.513

0.516
0.517

0.534

0.536

0.558

0.559

0.559

0.565

0.569

0.568

0.574

0.580

0.579

0.579

0.579

0.596

0.588
0.677

PB
(g/cm3)

0.0902

0.0893

0.0887
0.0888

0.0878

0.0877

0.0883

0.0880

0.0879

0.0888

0.0891

0.0883

0.0889

0.0890
0.0889

0.0888

0.0889

0.0896

0.0958

0.0853

F
(g/cm3)

160

155

152
153

144

143

140

139

138

139

139

137

137

137

136

136

136

135

156

107

F^

314

302

296
295

270

267

250

248

247

247

245

242

239

235

235

235

235

226
265

159

3Ref. 21.



is relevant to LAMPF E-1256.) The figure of merit is inversely proportional to
the running time required to attain a given level of statistical error. The figure
for the entire polarized target would have to also include the effects of extraneous
background and the square of the actual polarization as a factor. The factors above
are computed as if the polarization were 100%.

The basic conclusion to be drawn from Table 2, which was perhaps obvious from
the start, is that all of the hydrocarbons listed have figures that are potentially bet-
ter than that of pentanol/water, and some are better than ammonia. Of course, the
polarization that can actually be achieved is a key question. It is interesting to note
that, relative to pentanol/water at 80% polarization, the ethane/butane mixture
would break even at a polarization of only 57% in the constant-thickness case. An-
other point to notice is that most of the T3's are well below LN2 temperatures. Only
pentane/neopentane, 3-methylpentane (and the similar 2-methylpentane, TB«80 K,
which is not tabulated), and perhaps butane/neopentane and butane/per.tane would
be "workable" hard glasses a'. 77 K. The other materials would have to be "beaded"
and loaded into the refrigerator at lower temperatures. This is a practical problem
of some magnitude, and I do not mean to minimize it by my previous remarks. In
regard to bead preparation, the use of a liquid neon (LNe, n.b.p. 27 K) bath is a
possibility. I believe LNe is not very expensive aud has a sufficiently high latent
heat of vaporization that it can be held in ordinary glass dewars for reasonable work-
ing times. However, the fact that the density of LNe is «1.2 g/cm3 is a potential
drawback, since the beads will permanently float.

Finally, to return to some of the major issues of this section, it should be em-
phasized that there is no guarantee that all of the eutectics of Table 2 would be easy
glass-formers, nor that a free radical such as DTBN would be sufficiently soluble
in them. My feeling about the second question is that there is no problem, except
possibly for those cases in which the n.b.p. is <250 K. Regarding the first question,
it is quite certain that at least one of the mixtures will readily vitrify. I have recently
found a reference to a mixture of isobutane/isopentane as a glass-former [22]. This
raises my level of optimism considerably.

4 Conclusion

This note contains a number of suggestions, either explicit or implied, for future
work. Since we must always attempt to match the degree of difficulty with the level
of our ambition and resources, I will try to identify the paths of liast resistance:

1 If I were going to try radiolytic doping, I would probably start with neopen-
tane. It has a very high melting point, for ease of handling, and a corre-
spondingly low probability of co-solubility problems with the coolants. Also,
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its structure is so symmetrical that it is unlikely that diverse paramagnetic
species would be produced. My second choice would be n-butane.

2. For chemically-doped hydrogen targets, I would start with tests of either 2- or
3-methylpentane doped with DTBN. These are room-temperature liquids with
Tg's just high enough to make fairly hard glasses at 77 K, and probably have
little co-solubility with N2. If the results seemed encouraging, I would move
on to try some of the higher-Tg mixtures noted above that might have high
enough viscosity at 77 K. Finally, if suitably encouraged, I would try to work
out methods for handling the low-Tff mixtures, and foi checking on the solubil-
ity of DTBN in them. Before doing DNP tests on any of the two-component
mixtures, I would do benchtop microcalorimetry on the mixtures to quickly
establish the eutectic points and glass-formation potentials. (Calorimetry runs
are ten times less time-consuming and expensive than DNP runs.) It is im-
portant to note that, even though one may obtain a reasonable-looking glass
phase with mixtures that are not close to the eutectic, previous experience
with non-hydrocarbons suggests that the best DNP results are obtained right
at the eutectic composition.

3. If I were interested only in good 13C-targets, I would "revisit" toluene doped
with crown ether and EHBA-Crv with a more careful DNP test than the one
described in Sec. 3.1.

Microwave-FM capability should be available for any DNP tests, otherwise, an in-
expensive gain may be missed. On the other hand, DNP trials at fields other than
2.5 T, although potentially valuable, are much more expensive unless one has access
to an existing apparatus with this capability. Likewise, a search for soluble rad-
icals, other than DTBN, could be very time-consuming. (I have considered some
low-m.p. species like NO and NO2 [23], and C1O2 [24], but these don't look very
hopeful. The first two seem to prefer to dimerize (lose paramagnetism) in the solid
state, and C1O2 is potentially explosive.)

- A final word about nuclear spin isomerism is in order. Most of us are familiar
with the spin isomerism associated with homonuclear diatomic molecules, such as the
ortho/para. isomers of H2. That isomerism takes a particularly simple form because
the rotation permutation operator is equivalent to the parity operator in the ground
electronic state. In polyatomic systems or quasi-isolated molecular groups in which
the rotation permutations are less simple, the Pauli principle requires more complex
couplings of spin- and space-wavefunctions, and, if the systems are embedded in
a condensed solid, the environment further affects the spectrum of states. For
example, CH4 has three isomers A(m = 2), T(m = 1), and E(m = 0), where m is
the total spin projection of its four protons. In the low-temperature solid, 1/4 of
the molecules exist as nearly free rotors with angular n:omentum-isomer pairings
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J = 0, A; J = 1, T; J = 2, T + E; etc. The rest of the molecules exist on a separate
sublattice and are rotationally hindered so that the ground state is librational, and
"rotation" at low temperatures proceeds only via quantum tunneling. The free-rotor
states bear some similarity to those of H2, with a splitting between J = 0 and J = l
levels of 1.07 meV (12.4 K, or 259 GHz). The degenerate ground tunneling states, by
contrast, are split by nuclear dipole interactions into A, T, and E isomeric sublevels
with much smaller splittings, e.g., 4 - > r = 145 /ieV (1.7 K, or 35 GHz) [25]. For
methane in the neighborhood of 1 K, the spin physics is thus rather complex. In
general, spin isomerism and associated tunneling can lead to various complications in
the interpretation of NMR measurements, including nonexponential relaxation [26],
spin-isomer conversion over time [27], time- and temperature-dependence of the
resonance lineshape, and deviation of the magnetization from the Curie law [28].
This last possibility is perhaps the most worrisome for target applications, where
the Curie law is relied upon for the thermal equilibrium calibration constant.

Fortunately, at least for our purposes here, it appears that the alkanes larger
than methane are more well-behaved than methane. In these molecules the only
significant low-temperature rotations are those of the methyl (-CH3) groups. Methyl
groups have two spin-isomers A(m = Z/2) and E(m = 1/2). The rotation of the group
is almost always hindered to some appreciable degree since it is usually attached to
some larger structure, but tunneling states are still possible and the effects of the tun-
neling are, in fact, measurable in the NMR of many low-temperature solids. In a few
cases tunneling splittings >1 K have been found. However, the tunneling splitting
for the methyl groups in solid propane, for example, is only «80 kHz (3.8 fiK) [29],
and in n-butane it is probably not much more than 100 kHz (4.8 /iK) [30]. I have no
information for ethane, but, unless the whole molecule has a low rotation barrier,
which I doubt, the splitting is probably not a great deal larger. The only effects of
these small splittings would be some narrowing of the NMR line and, possibly, some
nonexponential admixture to the decay curve of the polarized signal if splittings as
large as 10 MHz (0.48 mK) or so are somehow present. In particular, assuming that
the splittings in glassy forms would not differ greatly from these crystalline values,
I expect the Curie law to be valid down to 1 K for the materials of interest [31].
(It is informative to compare the above splittings to those in NH3 (»60 kHz) [32]
and alcohols (%5 kHz) [33].) Nevertheless, if an investigation of these materials is
undertaken one should be on the lookout for the unexpected.

I have collected the information in this note haphazardly over a long time period.
I am sure that a methodical literature search would produce further useful refer-
ences to the properties of the light hydrocarbons, especially in the following areas:
radiolytic doping, solubility with Ar and N2, phase diagrams and eutectic points of
the mixtures, glass formation, and densities of the low temperature solids. I believe
that M. Krumpolc is well-placed to do such searches, and he should be encouraged
to do so.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability ci responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government OF any agency thereof.
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