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In this article we describe apparatus for the study of the microwave-driven growth of particles in
solution byin situ small angle neutron scatterif®ANS). This apparatus has enabled the first
preliminary experiments using microwave-activatedsitu diffraction. We take iron oxide as the
prototype system, but the techniqgue may be extended to a wide variety of chemical reactions that
deposit solids from solution. The key features of the apparatus are a microwave cavity with a
modular construction that may be adapted to the geometric constraints of the diffractometer, and a
computer-controlled microwave generator that may be set to maintain either constant pressure or
temperature in the reaction vessel. In this particular piece of equipment the reaction vessel is
adapted so that part of the sample fills a cell of identical construction to those commonly used in
SANS measurements for optimal transmission of the neutron bean20@ American Institute of
Physics. [DOI: 10.1063/1.1332112

I. INTRODUCTION penetrate deeply into a sample, and this makes it much easier

Over the past decade, microwaves have been increal® build equipment to control the sample env.ironment. For
ingly employed by chemists to enhance the selectivity o£X@MPle, furnaces and cryostats may be built using dense
speed of chemical reactiohdn the majority of cases many r.naterlalls optlmlzed fqr their thermal or mechgmcal proper-
of the claimed “microwave-specific” effects have been ra- {1€S While similar equipment for x-ray scattering generally
tionalized by allowing for solvent superheating effecta.a  "€duires a compromise to allow a significant x-ray flux in
number of cases, however, the use of microwaves has led g'd out of the sample. For this reason we decided to con-
new and unexpected products, or to reaction enhancement§uct apparatus foin situ diffraction with neutrons rather
which cannot be attributed to superheatfrigdeed, their use than x rays as the structural probe.
has occasionally resulted in the formation of unexpected The chemical system we wished to study was the growth
products which cannot be synthesized by analogous conve®f iron oxide and oxyhydroxide particles by microwave-
tional routes Whatever the underlying cause of the reactioninduced hydrolysis of ferric solutions, a process that is of
enhancements in particular cases, microwave-induced reaptimary importance in the production of pigments, catalysts,
tions often offer significant benefits over classical methodsand magnetic recording mediad central question in this
and are being increasingly employed as a routine method bgrocess is the rate at which particles grow, depending on
chemists. However, despite widespread activity in this fieldfemperature and the concentration and nature of the reagents.
there has been remarkably little work to determine whethein spite of the importance of this synthetic route, few, if any
the path taken by a microwave-driven reaction differs fromprevious investigations aimed at its understanding have in-
that followed during conventional heating. In this article we volved in situ studies. Studies to date have involved sam-
describe apparatus that has been designed to monitor tipding the solutions and performing @ost mortemon any
progress of a microwave-driven reaction in terms of colloidalsolid deposits isolated. The process of isolating such materi-
particle formation, using small angle neutron scatteringals could easily change their character so it is preferable to
(SANS) as the probe. In future articles we will describe ap-monitor growthin situ. Small-angle scattering provides a di-
paratus for complementary wide-angle x-ray scattering studrect probe of the species in solution in real time, with a
ies of microwave-induced reactions. resolution ranging from seconds to minutes, depending on

Neutron diffraction is now a well-established techniquethe sample and the diffractometer. In particular, this tech-
for studying the structure of materid|ffering several ad- nique provides a measure of the size, and in favorable cases
vantages over x-ray methods. In this work we exploit the facthe shape, of particles whose diameleis of the order of
that neutrons are adsorbed only weakly by most dense matgp_1000 A, depending on the particular instrument used. In
rials (some exceptions being B, Gd, and)Céo they may  this case we employed the LOQ diffractometer at the SIS
Facility’ which has a range o®=(4m/\)sin(6/2)=2m/D of
¥Electronic mail: g.whittaker@ed.ac.uk 0.008-1.6 A1, whered is the diffraction angle. The ISIS
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Facility is a spallation neutron source in which a 50 Hzso as to allow an upright position for the rectangular to cir-
pulsed proton beam impinges on a tantalum target to produceular wave guide transition and cylindrical sample cavity.
short pulses of neutrons which are then slowed by moderaFhe design includes a cylindrical sample cavity because the
tors to the desired energy range. The arrival time of neutronaxial symmetry enables development of the apparatus’ capa-
at a detector 10-15 m from the moderator establishes thelilities for in situ high angle diffraction techniques without
wavelengths\. By using wavelengths of 2.2-10 A simulta- the need for significant modification. For the small angle
neously, a wider range o or D is accessed than on a neutron diffraction instrument, the relatively small angular
conventional fixed wavelength instrument. range of the incident and diffracted beams allowed the use of
This article describes the construction and application otwgo 17.5 mm diameter holes, placed with axial symmetry 17
apparatus foin situ SANS from colloidal particles formed ¢m from the wave guide termination, as neutron windows.
during microwave-driven hydrolysis of aqueous ferric solu-These holes are sufficiently large both to accommodate the
t?ons_, but _could be exte_nded to any microwave-driven reac12 mm diameter neutron beam without causing any un-
tion in which small particles are formed. wanted scattering and also to ease the sample alignment pro-
cedures. The relatively small diameter also means that there
1. APPARATUS is no requirement for chokes or vanadium windows to be

Th ority of mi hemical studies h b included in order to maintain microwave leakage within le-
€ majority of microwave chemical studies have .eengal safety limits. On the other hand, the port for the reflux
performed using multimod€& cavities similar to those in

domestic ovens. despite the fact that areater flexibilit r@attachmentincludeaﬁcmchoke to reduce leakage resulting
omesiic ovens, despite the fact that greater fie Y A% om the presence of a glass/water dielectric core.

control are possible using guided wave applicators. Because The 100 crA glass round-bottomed reaction vessel holds

these apphcators_ rel_y heavily upon th_e principle used in "%he bulk of the 50 crsample centrally within the cylindrical
dar, telecommunications, and other microwave technologies,

it is possible to create bespoke microwave heating apparatucg ;Il'tY' Th'i rets§ rvoir 1s theg_ con?@e%?(i (iialrec_lflhy_ toa ngple
with commercially available microwave components usingCe viaa short 5 mm inner giameterd.) tUbe. This enables

highly developed and well-understood principteshe mi-  More reliable temperature characteristics for the sample
crowave applicator described here was constructed so that{hile retaining the optimum physical characteristics for the

allowed presentation of the sample to the SANS instrumenf@MPple cell. In order to maintain a representative sample in
in the correct orientation. the sample cell, the solution is circulatech 0.5 mm i.d.

Although the existing SANS instrument sample positionpontetraﬂouroe_thyllenegPTFE) tubing at a rate of approxi-
is designed to be as flexible as possible, this remained som@1ately 1 cmi min™* using a peristaltic pump.
what limiting in terms of the size of our apparatus. The need ~ 'he reaction vessel is held vertical, with markers to en-
for reliable sample temperature control meant that the modiSure the correct axial orientation and positioning with respect
fied domestic oven which had previously been used for thes® the beam, and is held central with microwave-transparent
reactions, while of suitable size, was inadequate as a micrgtlastic spacers. The temperature is monitored using a cali-
wave source. In our working design, a commercial 0—1 kwbrated gas pressure thermométeapable of an accuracy of
variable power microwave sour¢klicrowave Heating Type better than 0.1 K. Software, written iINSUAL BASIC 5.0 spe-
GU14) was used to generate microwaves at 2.45 GHz whiclgifically for this instrument, controls the microwave output
were delivered to the sample space through a compact wa@ower to hold the temperature of the sample to withid.5
guide arrangement using wave guide @42 components K for the period of the experiment. This is an important
(Fig. 1). feature, since the interfaces of air or vapor bubbles and as-

In order to accommodate the required wave guide comsociated density fluctuations in a refluxing sample might also
ponents within the available space, the microwaves are imgive rise to SANS signals.
mediately turned vertically through a 9@® bend into an The apparatus design includes a fused silica sample cell
isolator and four-stub tuner. While it is not desirable to havewhich is as close as possible in dimensions and transmission
wave guide transitions between the source and the isolatoproperties to those of the cells which are conventionally em-
space considerations make it unavoidable. After the fourployed for SANS, wih a 2 mmsample path length. Since the
stub tuner, the waves are turned back through a B30&nd  sample cell characteristics did not differ significantly from
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those of the conventional cells, compensation for backneed not be a problem. The need to keep the sample free

ground scattering during the data analysis was straightforfrom gas or vapor bubbles also added to the reaction time

ward. since this can only be accomplished by holding the reaction
below the solvent’s boiling point.

IIl. EXPERIMENT

B. Experimental procedure
A. Background P P

. . . . . The precise sample positioning, and the overall size of

Our_efforts to syntheS|_ze a varl_ety O.f ron QX'de _partlclesthe apparatus, required piecemeal construction of the wave
by .he.atmg aqueous solutions Of_ Iron ions with microwave uide components around the neutron beam at the start of the
radiation have produped matenalg that are not ObserVegxperiment. Markers on the vessel and the use of microwave-
when heated conventionalty.in particular, when an aque- transparent PTFE spacers enabled repeatable alignment of

OUSO solution of ferrous and ferric 1ons 1S _heated at abqu{he apparatus on all subsequent measurements. The fully as-
80°C for several hours, we obtained acicular magnetite., 1 vjed applicator is shown in Fig. 2

(F&O,) rather than the expected product hematite The peripheral instrumentatigpump, signal amplifiers,

(_y-FeZO3). N.Ot only is th'.s prOdL.'Ct different, t_’Ut it is the etc) was assembled in the remaining available space. Other
first known direct synthesis of acicular magnetite from solu-

i h " ioldi ith h i t_teperipherals such as the controlling computer were located
lon, other routes yielding either other oxides or magnetle, ,qije the sample enclosure, so allowing remote control of
with cubic or irregular morpholog$.lt has been postulated :

. ) the reaction.
that particle formation may proceeda the needle-shaped

. . . Once assembled, the reaction componédb@ cn? of
material goethite[-FeQOH)] followed by microwave- 0.03 M FeC} in D,O) were added to the sample vessel, and
enhanced FE diffusion into the oxyhydroxide lattice to '

epumping started to clear air pockets from the measurement

yield F%O4 needles. In order to 'understand the precis cell. The sample was heated at 95¢€0.5 °C) for 8 h and
mechanism, ar_1d_ because the reaction proceeds even at r_og@attering data collected in consecutive 30 min runs.
temperatures, it is necessary to be able to follow the reaction

in real time and SANS appears to provide a suitable probec Preliminary results
Not only should it be possible to construct a suitable reaction™
vessel that the neutrons can penetrate, but the dependence of Standard SANS data correctiohfgr the wavelength de-
neutron scattering strength on the atomic numbesf the  pendencies of the incident spectrum, sample transmission
various elements involved allows us to select a reaction meand detector efficiencies, were made to combine the SANS
dium that has a good contrast with the growing particles. Thepatterns from the different wavelengths recorded by time of
elements H and D have scattering lengths of opposite sign dtight. This gives the differential scattering cross section,
by altering the ratio BO/H,O in the solvent it is possible to (d2/dQ) (Q), which for a dilute system of particles of size
produce an aqueous medium that has a very different scaR and volume V, is dE/dQ(Q)=NpV§(Ap)2P(Q,R)
tering strength from anything suspended in that medium:+B(\), whereN, is the number concentratiodp is the
However, there are problems associated with performing aeutron scattering length density difference between the par-
SANS experiment on a reaction mixture that represents #cles and solvent, an®(\) is the wavelength-dependent
typical growth medium: reagents and products for the growttbackground signal. The particle form factd?(Q,R) de-

of well-defined particles are generally of low concentration,scribes interference between radiation scattered by different
which limits the rate at which data may be collected. This isparts of the same particle and is sensitive toghapeof the
offset by the timescales involved in the growth procesgparticle.

which are relatively longof the order of hours—and typi- Model fits to the SANS signal may incorporate an inte-
cally 18—24 h for completiorso a low rate of data collection gration over a suitable particle size distribution function
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T ' ‘ R been carried out, and these preliminary data have yielded
i ] new and interesting information. The principal limitation of
the apparatus described here is the timescale of the measure-
ment required for reasonable signal to noise ratio in the data,
and confines the systems that may be studied to those that
generate particles over relatively long periods. This problem
may be circumvented in the future with the advent of new,
higher flux instruments, or brighter neutron sources. The ap-
paratus may also be adapted for wide-angle diffraction mea-
surements to probe structure on atomic length scales and
determine the chemical character of the species that are

i ] formed. This would also require much higher flux, or far
L : : e more concentrated samples than were used in the experi-
0.01 0.02 0.05 0.1 .
Q&A™ ments described here.
The basic principles that have been employed in the de-
FIG. 3. SAN_S data for microwave-driven hydroly_sis of Fg@_hd DO Wit_h sign of this apparatus also lend themselves to othesitu
Iﬁi;grﬁﬁ:g?';sgzgg fsrgi:fﬁg f;% ﬁm‘\)’;ﬁ ﬁnf;;.St 30 min of reaction measurements on chemical systems. In particular, we are
currently planning complementary experiments using a mi-
crowave applicator, which has been designed for use with
Np(R). Though a variety of particle shapes were tried thesynchrotron radiation sources. Once again, more rapid data
data obtained here was best represented as polydispersellection and the possibility h situ WAXS and extended
spheres, for which was used a Schultz polydispersity funcx-ray absorption fine structure measurements to complement
tion (similar to a log normal the existing data make such apparatus an attractive and

Np(R)I[(Z-I— 1)/R]Z+1Rzexp{— (Z+ 1)r/§.}/f(z+ 1), worthwhile goal.
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