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Abstract. We present results of longitudinal field repolarisation measurements carried out
at J-PARC and ISIS on the “green” functional carbon materials Starbon 300 and Starbon
800, synthesized using starch as a template and subjected to pyrolysis treatments at different
temperatures (300°C and 800°C respectively); pyrolysis at low temperature may be expected
to yield a material retaining more of the “hydrophilic” properties of the original starch material
in its chemically active voids, while high temperature pyrolysis may be expected to lead to
“hydrophobic” voids and a more graphitic material. The hydrophilic material shows a larger
repolarising fraction than the hydrophobic material, with a hyperfine constant on the order of
200-300 MHz. This is likely to be a superposition of the repolarisation of multiple radicals.
Several candidate and model species are investigated through accompanying density functional
theory calculations.

1. Introduction

Given the approaching world bottlenecks in energy and material resources, interest has recently
taken hold in the idea of using carbon biomass as feedstock for the production of low-cost,
“green” functional carbon materials. Approaches such as silica-templating [1] and hydrothermal
carbonization (HTC) [2] are effective in the morphology-controlled synthesis of carbonaceous
nanostructures from carbohydrate parent materials such as starch, cellulose, cyclodextrins, and
simple sugars. Such materials are expected to find a variety of technological uses ranging from
nanoengineering [3] to spintronics [4] to ultracapacitors [5]. In the last of these, where the
storage capacity of electrical double-layer capacitors can be optimized through the use of a
nanostructured material, there has recently been interest in replacing activated charcoal (a
granular form of carbon in which the interparticle voids constitute the storage space) with
better-characterized high-tech forms of carbon such as aligned single-walled nanotubes [6].
Fundamental studies of such materials using a probe which can give some local insight into
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the physical and chemical properties of the voids and of the bulk material itself are thus of some
importance.

Muon spin rotation studies have been carried out on diamond [7, 8], graphite [9, 10, 11],
amorphous carbon [12], fullerenes [13], and nanotubes [14], and are summarized in the recent
review by Cox [15]. While in diamond both bond-centered muonium and interstitial muonium are
observed [7], in graphite the paramagnetic state formed on muon implantation undergoes rapid
spin or charge exchange with the conduction electrons leading to a collapse of the radical line
and a temperature-dependent “paramagnetic shift” in the muon Larmor frequency [9, 10, 11].
Insulating amorphous carbon presumably contains a large variety of paramagnetic sites (not
experimentally resolvable), but was observed by Cox and Davis to have a diamagnetic fraction
of around 40% [12]. In single-walled nanotubes MacFarlane and co-workers observed a high
fraction (about 40%) of vacuum-like muonium [14]. Fullerenes show distinct states corresponding
to muons stopping respectively inside and outside the cages [13].

Thus, it is evident that SR methods distinguish clearly between a variety of different bonding
types exhibited by forms of pure carbon; however, to date there have been no studies in the
published literature of muon implantation in nanostructured carbonaceous materials of catalytic
importance.

2. Starbons

Activated carbons are carbonaceous materials with broad industrial applications ranging from
biomedical filtration devices to supercapacitors. Typical activated carbons are made using
high-temperature inert atmosphere pyrolysis of a hydrocarbon starting material to form a
char, followed by activation via high temperature reaction with O2, COs, or steam. The
meso/microporosity of the material (up to about 500 m?/g internal pore surface area) is
generated by the activation process. The degree of control over the pore structure of the material
is typically low.

Recently an alternative strategy for preparation of activated carbon materials has been
developed, based on the use of expanded starch as a templating material and relatively mild
pyrolysis conditions, with no separate activation step [16]. Properties of these Starbon
materials are “tunable” in a manner dependent on the temperature and duration of pyrolysis;
pyrolysis at low temperature may be expected to yield a material retaining more of the
“hydrophilic” properties of the original starch material in its chemically active voids, while high
temperature pyrolysis may be expected to lead to “hydrophobic” voids and a more graphitic
material. Two samples were obtained from the Green Chemistry Centre of Excellence at the
University of York, representing the hydrophilic (Starbon 300) and hydrophobic (Starbon 800)
extremes of the preparation method. (The numerical suffixes represent the pyrolysis temperature
in degrees Celsius.)

3. Experimental

Complex amorphous materials are not amenable to study using muon spectroscopy methods
that rely upon precise measurement of spin precession frequencies or detection of sharp RF or
level crossing resonances, as the spin polarisation is likely to be distributed over a broad variety
of muon addition sites; we therefore employed the bluntest instrument in the puSR arsenal,
longitudinal field muon spin repolarisation spectroscopy (LFuSR). In this method, paramagnetic
species are detected via the recovery of muon spin polarisation against an applied longitudinal
field, yielding semiquantitative information on the magnitude of the isotropic hyperfine coupling
A, (which can distinguish between muonium, high-coupling radicals, or low-coupling radicals),
the presence and type of hyperfine anisotropy (axial or complete), and the presence or otherwise
of sources of spin relaxation (electron mobility, chemical reactions).
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3.1. J-PARC measurements

Room temperature longitudinal field repolarisation measurements were carried out on foil-
encapsulated powder samples using the D1 instrument at J-PARC over the field range 0-1600
G; the results appear in Figures 1 (Starbon 300) and 2 (Starbon 800). In Starbon 800 (Figure 2)
only a small fraction exhibits repolarisation, while there is a much larger repolarising fraction in
Starbon 300. This suggests that the “hydrophilic” material retains substantial isolated radical-
forming double bond character whereas the “hydrophobic” material is substantially graphitized.
Relaxation rates are modest (A < 0.5us™!) over the entire field range.
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Figure 1. Room temperature LF repolarisa- Figure 2. Room temperature LF repolarisa-
tion curve for Starbon 300. The curves repre- tion curve for Starbon 800. The curves repre-
sent fits to the data described in the text. sent fits to the data described in the text.

The solid and dashed curves in Figures 1 and 2 represent fits to the data. One or more
repolarising paramagnetic fractions are considered, together with a non-repolarising background.
In the hydrophilic sample (Figure 1), a single isotropic radical (solid red curve, x? = 12.00) yields
a poor fit to the experimental points, with an optimum A, of 375 MHz. Better fits are obtained
by allowing for an anisotropic hyperfine tensor or for more than one radical. A fit to two isotropic
radicals yielded a much improved fit (dashed blue curve, x? = 0.69), corresponding to A, values
of 258 MHz and 154 MHz. Together, these account for almost all of the observed asymmetry,
which is inconsistent with the approximately 1/3 of the total asymmetry observed to precess
under transverse field. (This is most likely due to muons stopping in the sample holder; studies
with a holmium sample offering the same cross-sectional area as the Starbon sample showed
that about 2/3 of the polarisation should be attributed to muons stopping in the sample.) A
more appropriate fitting function for a polycrystalline or amorphous solid would make use of
one or more radicals with a powder-averaged fully anisotropic hyperfine interaction [18]. With a
single repolarising radical fraction in which both the isotropic component and the dipolar part
(considered axial) are left as free parameters, the best fit yielded A, = 574 MHz and D = 112
MHz (black dot-dashed curve, x? = 4.47), with the paramagnetic fraction accounting for about
1/3 of the total asymmetry; the fractional hyperfine anisotropy in this fit is somewhat too large
to be plausible for a typical muonium adducts to a C=C double bond. Choosing instead to
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restrict the anisotropic term to 10% of the magnitude of the isotropic term, but allowing two
radicals, yielded A4, = 228 MHz (54%) and A, = 298 MHz (24%) (purple curve, x* = 0.43);
this approach gave the best quantitative fit, but a slightly larger estimated total asymmetry.
(Note that the polarisation recovery is not quite completed at 1600 G in this case.) The red and
violet curves in Figure 2 represent isotropic single radical and anisotropic two-radical fits to the
Starbon 800 data; the small fraction of recovering polarisation makes reliable fits problematic
in this case, but the patterns are consistent with a coupling of some few hundred MHz.

3.2. ISIS measurements

As a check on the high-field component of the polarisation recovery, and to search for any
level crossings that may be detectable, additional repolarisation scans were carried out on the
Starbon 300 sample using the Hi-Fi instrument at ISIS, over a field range up to about 10 kG at
300 K, and up to 5 kG at 20 K. The powder samples were mounted in an Al foil packet, masked
with a silver plate. Thus, some part of the non-repolarising fraction probably corresponds to
muons stopping in silver. A field scan up to 12 kG was also carried out using an Al foil dummy
sample of equivalent stopping density in order to correct for field-dependent background due to
changing decay positron trajectories. No sign of any level crossings was seen at fields up to 10
kG, excluding the detection of well-defined zero-crossings from radicals with A;s, up to 300 MHz.
Fits to the data between 50 G and 5 kG are shown in Figure 3. The repolarisation behavior
changes very little between 300 K (solid dots) and 20 K (dots inside circles), indicating that the
formation of the paramagnetic species either has a low barrier or is non-thermal, and also that
the radicals are likely to be in a rather rigid environment, not strongly subject to dynamical
averaging of Ajg, itself. (That there may be some dynamical modulation of the dipolar part of
the coupling is evident from the differences observable at low field.) The fit parameters in each
case represent two radicals, each with D fixed to 0.1A4,. A relaxing signal component with A
on the order of 3 pus—! is decoupled in a few tens of gauss. Observed relaxation effects are most
likely related to slow desorption of oxygen and other gases from these microporous materials.

Figure 3. LF repolarisation data
obtained at 300 K (solid circles,
bold solid curve) and 20 K (dots
inside circles, bold dotted curve) on
the Starbon 300 sample using the
Hi-Fi instrument at ISIS. Curves
are fits to two anisotropic radials as
described above.

Initial Asymmetry

Fit parameters:

A, =297 MHz (14 %) and 178 MHz
(6 %), x? = 0.569 (300 K data); A,

Lo % = 212 MHz (21 %) and 203 MHz (6

%), x* = 0.655 (20 K data).

Field/G

Simulations using Quantum [17] suggest that an alternative model might be a single radical
with A, ~ 300 MHz with the low-field part of the polarization recovery then due to decoupling
of a geminal proton (for which Ag can be expected to be close to A,/3.1833); in this case, the
difference between the 300 K and 20 K datasets would be due to a change in the thermally-
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averaged dipolar part of the hyperfine interaction. Such a picture, however, requires the room
temperature hyperfine tensor to be close to isotropic.

4. Computational results

Starbons and similar materials are likely to have a complex structure intermediate between
that of their parent material (usually starch or cellulose) and graphitic carbon. Thus, there is
probably no single dominant type of radical-forming site present in these materials. Nonetheless,
it is possible to obtain some information about likely site chemistry from a study of site energetics
and the magnitudes of hyperfine coupling constants.

4.1. Muonium adducts to hydroxymethylfurfural

Hydroxymethylfurfural (HMF) is a compound produced in the dehydration of hexose sugars,
recently reviewed for its potential as a potential renewable “platform chemical”, a starting
material in industrial synthesis of polymers, pharmaceuticals, and other products [19]. It has
been suggested by Titirici et al. as a small-molecule intermediate in the HTC process [20].
Under conditions of reasonably low temperature (below about 300°C), hydrolysis of the starch or
cellulose template is followed by dehydration of hexoses into HMF (and of pentoses into furfural),
whereupon a complex series of ring-openings, condensations, and aromatisation reactions leads
to the final product, a polymeric furanic structure with aliphatic bridges and terminal carbonyl
and hydroxyl groups.

All calculations used the computational package Gaussian 09 [21], at the BSLYP/6-311G(d,p)
level of density functional theory. Optimized geometries of the six radical adducts considered are
shown in Figure 4, while their relative energies and the corresponding Fermi contact hyperfine
couplings (proton values scaled by Z—z) appear in Table 1. As Mu addition to C=C is typically
more rapid than to C=0, radical 2 may be a reasonable model species for the repolarising fraction
in Starbon 300. (Computational studies of more realistic oligomeric models are in progress.)

Table 1. Hyperfine coupling constants for muonium adducts to hydroxymethylfurfural
calculated as described in the text. No corrections are made for zero-point stretching or
vibrational averaging. Pairs of A, values correspond to situations where Mu can add in either
of two, slightly inequivalent, ways.

Radical Energy/kJ mol™' A, /MHz

1 0 -25
2 1.29 369/442
3 24.85 312
4 43.36 318/324
5 79.14 251
6 99.00 356/662

4.2. Muonium addition to graphitic analogues

The use of polycyclic aromatic hydrocarbons as molecular analogs of graphite (edge-
terminated with hydrogen) is widespread in the theoretical literature. We utilise the molecule
tribenzo[adg]coronene (CssHig) as a model of an “all-armchair” nanographene. There are six
distinct muonium addition sites to this species: three outer edge sites, two “bay” sites, and an
interior site. Addition at edge sites is 50-70 kJ mol~! more favorable than addition at interior
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Figure 4. Optimized structures of the six muonium adducts to hydroxymethylfurfural. Oxygen
atoms are red, carbon atoms grey, hydrogens white. The muon site is indicated in yellow.

or bay sites. Fermi contact couplings for the radicals (scaled to muon values, but uncorrected
for the C-Mu zero-point stretch) range from 337 MHz for the lowest-energy edge radical to
583 MHz for the interior radical, which is the least energetically-favorable structure, involving
substantial geometrical distortion from the planarity of the parent structure. As an “all-zigzag”
model nanographene we consider dibenzo|bc,kl|coronene (C3oHi4), which possesses one terminal
site, three edge sites, two “fissure” sites, and three interior sites. In this case the zig-zag edge
sites exhibit both the lowest energies overall (lower by about 150 kJ mol~! than the interior or
fissure sites), as well as unusually small Fermi contact couplings (down to 80 MHz) occasioned
by long-range migration of spin density. A more complete report describing calculations on these
species is in preparation and will appear elsewhere.
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