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ABSTRACT: Aluminum iodate hexahydrate ([AI(H,0)4](10;);(HIO;),; AIH) represents a
novel, oxidizing material for energetic applications. Recently, AIH was synthesized to replace
the aluminum oxide passivation layer of aluminum nanoenergetic materials (ALNEM). The
design of reactive coatings for ALNEM-doped hydrocarbon fuels in propulsion systems
requires fundamental insights of the elementary steps of the decomposition of AIH. Here,
through the levitation of single AIH particles in an ultrasonic field, we reveal a three-stage
decomposition mechanism initiated by loss of water (H,0O) accompanied by an unconven-
tional inverse isotopic effect and ultimate breakdown of AIH into gaseous elements (iodine
and oxygen). Hence, AIH coating on aluminum nanoparticles replacing the oxide layer would
provide a critical supply of oxygen in direct contact with the metal surface thus enhancing
reactivity and reducing ignition delays, further eliminating decades-old obstacles of passivation
layers on nanoenergetic materials. These findings demonstrate the potential of AIH to aid in
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the development of next-generation propulsion systems.

17 E ver since the discovery of Ruby Gold (colloidal suspensions
of gold nanoparticles) more than 150 years ago by Michael
19 Faraday,' metallic nanostructures have emerged as attractive
20 high-energy-density materials.” With a volumetric energy
density of 84 kJ cm™,” particular attention has been devoted
22 to the synthesis of aluminum nanoenergetic materials
23 (ALNEMs) as additives to hydrocarbon fuels such as
24 exotetrahydrodicyclopentadiene (C;oH;¢ JP-10) in air-breath-
25 ing propulsion systems.”> These nanoparticles exceed the
26 limited volumetric energy densities of traditional hydrocarbons
27 (35—40 kJ cm™3). However, the exploitation of ALNEMs in
28 combustion systems revealed vital limitations in the form of an
29 inert layer of aluminum oxide (ALO;) on the surface.”"® This
30 oxide layer significantly reduces the rate of reaction with the
passivation layer not only acting as a heat sink but also limiting
32 the diffusion of oxygen and hence the combustion of the
33 aluminum core.®™® Therefore, the replacement of the aluminum
34 oxide passivation layer with reactive coatings, which allow a
35 rapid supply of oxygen to the aluminum nanoparticle and hence
36 an increase in reactivity, would represent an attractive approach
37 to eliminate the long-standing obstacles of the passivation
38 layers.””"”
39 Aluminum iodate hexahydrate ([Al(H,0)4](105);(HIO,),;
40 ATH) has attracted substantial attention for the replacement of
41 the aluminum oxide layer considering its low oxygen release
42 temperatures and potential in forming highly reactive oxidizer
43 gases including oxygen (O,) and iodine (I,) during its
44 decomposition.” ' Preliminary studies exploiting AIH-doped
45 explosives such as trinitrotoluene (TNT) revealed a 30%
46 increase in detonation velocity;'” this allowed the particles to
47 react on time scales equivalent to the detonation event, hence
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ultimately enhancing the energy release rate in aluminum 48
nanoparticles.w’15 However, although AIH represents a 49
promising coating on aluminum nanoparticles, there is still a so
critical lack of fundamental knowledge of the underlying s
mechanisms of distinct stages in the thermal decomposition of s2
pure AIH. This understanding is vital to the development of s3
next-generation, metal nanoparticle-based propulsion systems s4
along with energy-generation technologies and requires the ss
systematic identification of key reaction intermediates along s6
with the underlying reaction mechanisms and decomposition s7
kinetics. 58

Here, exploiting ultrasonic levitation technology, three so
distinct stages were exposed in the thermal decomposition of 6o
single, levitated AIH and AID particles in an argon inert 61
atmosphere: a rapid loss of water (H,0) along with a volume &2
increase of the levitated particle by 200% commencing at 375 + 63
5 K, the slow conversion of iodic acid (HIO,;) into diiodine 64
pentoxide (I,O5) and water (H,O) starting at 480 & 5 K, and a 65
rapid decomposition of diiodine pentoxide accompanied by 66
vigorous gas release into its elements (iodine, oxygen) beginning 67
at 580 + S5 K with onset decomposition temperatures 68
significantly lower for singly levitated particles than reported 69
for bulk ATH by up to 82 K. 70
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Figure 1. Raman Spectra of (a) ATH and (b) AID at 298 K. The far left panel is the full deconvoluted spectrum from 4000 to 200 cm™; the middle

panel represents the high region peaks from 4000 to 2350 cm™"; the far right panel is the deconvoluted peaks in the low region from 1200 to 200 cm

-1

The spectrum (black) is deconvoluted to make a peak fitted spectrum (red). Deconvoluted peaks are assigned to water (blue), iodic acid (pink), and
iodate ion (green). See Table Sla,b for peak assignments.
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Figure 2. (a) 3D image of the Raman spectra of AIH from 302 to 606 K. (b) High and low regions of the spectra taken in panel a. Arrows indicate the
decrease and increase of the species H,O (blue), HIO; (pink), and 1,05 (purple).
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Table 1. Vibrational Mode Assignments for the Observed Peaks in the Raman Spectra of AIH and AID after Heating beyond 480

AIH

AID

K
frequency (cm™) intensity frequency (cm™
peaks this work) (this work) (literaturg WP
4 813 m 817
S 808 s 808, 806, 789
m 810
a 726 m 724
613 m 607
c 533 w 535
814 m 817
N 806 s 808, 806, 789
m 810
a 728 m 724
b 627 m 607
c 501 w 53§

literature
intensity carrier assignment description
vw I0;~  combination  combination
s 10, U3 1-0 antisymmetric
stretching
vs L,Og g O—-I=0 stretch
s L,Og O—I=0 stretch
m LOg I-O stretch
vw LOg combination
vw 105~  combination  combination
s 105~ U3 I-0O antisymmetric
stretching
vs L,Og Vg O-I=0 stretch
s LOg O—-I=0 stretch
m L,Og 1-O stretch
vw LOg combination

71 Against conventional wisdom, these studies also afford
72 persuasive testimony on an inverse isotope effect for the loss of
73 deuterated water versus water in levitated AID and AIH particles
74 with k;(D,0)/k;(H,0) = 5.3 & 0.6 at 375 + 5 K. A potential
75 rationale for this inverse isotopic effect is the red-shift of the
76 vibration modes to lower energies for deuterated water,
77 predominantly for the symmetric and antisymmetric stretching
78 modes from 3531 to 2659 cm™! (ATH) and 2659 cm™! to 2000
79 cm™' (AID) ranges, thus increasing the energy absorption of
80 deuterated water compared to normal water and enhancing the
81 rate of Dy-water loss compared to normal water. Overall, the
82 fundamental knowledge obtained here reveals that ATH used as
83 an aluminum nanoparticle coating would not only replace the
84 aluminum oxide layers but also augment the thrust through the
85 development of gaseous decomposition products in propulsion
86 systems (H,O, I, and O,) with molecular oxygen released
87 throughout the decomposition of diiodine pentoxide, supplying
88 an extra source of an oxidizer directly in contact with the surface
89 of the aluminum nanoparticles, possibly reducing ignition
90 delays, and ultimately improving proficiency of propulsion
91 systems.

92 Raman spectroscopy represents an outstanding methodology
93 to trace the decomposition of levitated ATH/AID particles in an
94 inert atmosphere of argon and to identify new molecules formed
95 in these processes. This requires first an assignment of the peaks
96 in the nonprocessed AIH/AID samples at 293 K with the
97 deconvoluted Raman spectra depicted in Figure 1; the resulting
98 peaks were compared with literature data and are compiled in
99 Table S1 for ATH and AID.'*™**

100 In the high-wavenumber region covering 3600 to 2600 cm™,
101 the most intense features correspond to the antisymmetric and
102 symmetric OH stretching modes of the water (H,0) ligands
103 coordinating the aluminum cation center, i.e., v; (3137 cm™}
104 peak 1) and v; (2946 cm™'; peak 2). Note that contributions to
105 the latter feature can also originate from the symmetric
106 stretching of the OH moiety in iodic acid (HIO;). In the low-
107 wavenumber region from 900 to 500 cm™', four features linked
108 to iodic acid (HIO,) are noticeable: vg + 11 (834 cm™; peak 3),
109 vg (777 cm™"; peak 6), v5 (713 cm™'; peak 8), and v, (631 cm™;
110 peak 9). The v + v features are characterized as a combination
111 of the IO, antisymmetric stretch (vg) and a libration mode; v,
112 and v, correspond to 10, and IO symmetric stretching modes.

—

—
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Along with these bands, three bands from the iodate anion 113
(10;7) are visible: a combination band, the IO antisymmetric 114
stretch (v3), and the 10 symmetric stretch (v;) positioned at 816 115
cm™! (peak 4), 790 cm™ (peak S5), and 752 cm™! (peak 7), 116
respectively. Finally, the peak at 618 cm™" (peak 10) could be 117
associated with the lattice and/or vibration mode (v;) of 118
[AI(H,0)¢]*". If we compare the spectrum for AID, we find in 119
the high-wavenumber region the same v, symmetric stretching 120
of HIO; (3084 cm™'; peak 1) as seen in ATH. Along with this 121
feature, the OD bending mode is red-shifted compared to AIH 122
and identified for the D,O ligand (2 x 5(OD,)) at 2427 cm™" 123
(peak 2). For the low-wavenumber region, all bands hold 124
essentially the same assignments as for AIH shifted by between S 125
and 30 cm™. 126

Having benchmarked the Raman spectra of the neat ATH and 127
AID samples, the inherent changes of the Raman spectra upon 128
heating with a carbon dioxide (CO,) laser from 302 K until the 129

particles detrap at about 606 K are explored (Figure 2 and Table 130 21

1). 1311

As the temperature of the heated ATH particles approached 132
375 K, the features attributed to water (3137, 2946, and 618 133
cm™) began to decrease (Figure 2a). This finding can be 134
recognized as a loss of water from the hexacoordinated 135
aluminum ion to the gas phase (eq 1). Once the temperature 136
reached 450 K, a sudden rise in the intensity of the peaks 137
associated with iodic acid (777, 713, and 631 cm™") was noticed; 138
upon further increasing the temperature, at 480 K these features 139
started to decline. Simultaneously, a rise in intensity of diiodine 140
pentoxide (I,O;) features centered at 726, 613, and 533 cm™ 141
was clearly visible. These observations reveal the decomposition 142
of iodic acid (HIO;) to diiodine pentoxide (I,05) plus water 143
(H,O) (eq2). Above 580 K, the diiodine pentoxide peaks begin 144
to decline, suggesting thermal decomposition of diiodine 145
pentoxide (1,O;) into iodine (I,) and oxygen (O,) (eq 3). 146

[AI(H,0),1(105),(HIO;), — Al(10,),(HIO,), + 6H,0

(1) 147
Al(10;),(HIO;), — Al(10;), + 1,05 + H,0 () 1as
LLO. - I, + éO
25 2 ) 2 (3) 149
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Figure 3. (aand b) Optical images of two different levitated AIH particles, at varying temperatures. Particle a was heated to a max temperature of 650 K
where it detrapped soon after reaching 650 K. The appearance of red smoke was observed around 580 K. Flames appeared past 600 K. Particle b
showed flame starting at 604 K. The two frames after 604 K were observed to show intense flames with an ejection of a small particle soon after. (c and
d) Corresponding infrared images of the two different levitated ATH particles from panel a. Infrared images were taken in units of Kelvin.

150  Simultaneously with the Raman study, high-speed optical

151 videos and infrared images were collected to observe changes as and 580 =+ S K, where significant alterations were observable in 153
152 the particles approached the temperatures of 375 + S, 480 + 5, the Raman spectra (Supporting Information; Movies M1—M8). 154
D https://doi.org/10.1021/acs.jpclett.3c00273
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Figure 4. Fitted time traces of selected bands in the Raman spectra for (a) AIH and (b) AID at each step in the heating process. The component/
species are also mentioned in the parentheses of the corresponding band positions. See Tables S2 and S3 for rate constants.

1ss Critical snapshots are displayed in Figure 3 for the AIH system 371 + S K, a “popcorning” effect was visible, supported by a
156 for two particles (a) (M1-M6) and (b) (M7, M8). rapid enhancement of the particle volume by nearly 200% of its
157 As the heating commences to 371 + SK (Figure 3a), the ATH original size. As the temperature increases further, at 387 + S K,
158 particles slowly increase in volume by about 20%; upon reaching a maximum volume increase of about 600% was observed. This

E https://doi.org/10.1021/acs.jpclett.3c00273
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163 phase of the volume expansion corresponds to the spectroscopi-
164 cally detected loss of water molecules from the coordination
165 sphere of the aluminum ions into the gas phase. The persistent
166 temperature increase to 450 + S K was accompanied by an
167 increase in reflectivity of the surface of the levitated particle.
168 Recall that at 450 + S K, the Raman features of iodic acid
169 (HIO;) also rose in intensity. We may therefore conclude that
170 iodic acid diffused from the inner ATH particle to the surface.
171 Starting at about 480 + S K, the temperature when iodic acid
172 decomposed to diiodine pentoxide (I,05) and water (H,0), the
173 particle started to decrease in volume by about 20%, and the
174 surface darkened. As the temperature increased further, the
175 surfaces of both particles became darker and released reddish-
176 purple vapor; this phase was accompanied by a reduction in
177 volume by about 50% at 582 + S K. Considering eq 3, these
178 reddish-purple vapors are associated with iodine released from
179 the particles. Considering the balanced chemical equation, this
180 process also releases molecular oxygen. As a result, both particles
181 self-ignited, producing flames followed by rapid detrapment of
182 the particles at temperatures exceeding 600 + S K. Recall that
183 the thermal decomposition was conducted in an argon inert
184 atmosphere. Therefore, the ignition of the AIH particle is the
185 result of the enhanced concentration of oxygen released from
186 the levitated particle, which allows the particle to ignite and
187 burn.

188 The aforementioned studies provide compelling evidence on
189 a three-step process of the decomposition of AIH and AID: the
190 loss of water at T1 = 375 + S K (eq 1), the conversion of iodic
191 acid into diiodine pentoxide and water at T2 = 480 = SK (eq 2),
192 and the decomposition of diiodine pentoxide into its elements
193 (iodine and oxygen) starting at T3 = S80 = S K. Vital
194 quantitative information on the decomposition process can be
195 gained by extracting time profiles of key species in the
196 decomposition process (water, iodic acid, and diiodine
197 pentoxide), which in turn can be fit kinetically to report rate
198 constants. To provide this information, Raman spectra were
199 collected at three distinct temperatures (T1, T2, and T3) over
200 time for ATH and AID. These spectra were then deconvoluted,
201 and the peak areas were integrated and plotted over time
202 (Supporting Information, Figures $1—S7).

203 At a constant temperature of 375 + 5 K| the collected Raman
204 spectra were deconvoluted for both the levitated AIH and AID
205 particles exploiting a Python code (see Supporting Information
206 S1 and S2). The temporal evolution of the water features in AIH
207 are displayed in Figure 4a (1 and 2) for 3137 and 618 cm™; the
208 decay of the D,-water peaks in the AID sample are traced in
209 Figure 4b (1 and 2) at 2427 and 607 cm™". Both the water and
210 D,-water losses could be formally fit with a unimolecular decay
211 (first-order reaction) following eq 4 with [A], representing the
212 concentration of reactant A at time ¢ expressed via the peak area,
213 [A], is the initial concentration expressed via the peak area, k,
214 the rate constant at 375 K, and t the time.”* Laser fluctuations
215 and particle movements account for the errors of the traces.

—

-

O

et

S =

~

O

—_

ae AL = [A]oe_klt (4)

217 This strategy provides a first-order rate constant of 0.047 +
218 0.001 min~" for ATH averaged over both traces (Tables S2 and
219 S3). However, for the AID system, a first-order rate constant of
220 0.24 + 0.02 min~" was determined. This suggests that the loss of
221 D,-water proceeds faster than the loss of water revealing an
222 inverse isotope effect with k;(D,0)/ k;(H,0) = 5.3 £ 0.6 for T1
23=375+xSK

For a constant temperature of 480 + S K, the traces of the 224
decay of iodic acid (HIO;; 777 cm™, 777 cm™) and the 225
emergence of diiodine pentoxide (I,Og; 726 cm™', 728 226
em™)'7?972%2% are displayed in Figure 4a (3 and 4) and Figure 227
4b (3 and 4) for AIH and AID, respectively. Fits were achieved 228
by formally treating iodic acid as a dimer ((HIO;),). [A], follows 229
a pseudo-first order reaction (eq S); fits for the diiodine 230
pentoxide product follow eq 6 with [B], being the concentration 231
of product B at time £.”* For both the ATH and AID system, the 232
rate of reaction, k,, was found to be identical, i.e. k, = 0.020 + 233
0.001 min~'. Hence, no isotope effect is observable. Note that 234
the rate constant k, is about half of k;, revealing a faster 235
dehydration of water in the coordination sphere of the 236
aluminum ion (eq 1) than the condensation reaction of two 237
iodic acid molecules to diiodine pentoxide plus water (eq 2). 238

[A], = [Alye ™™ (S) 2390

[B], = [Al,(1 — ™) (6) 240

For a constant temperature of 580 + S K, the decomposition 241
of diiodine pentoxide (eq 3) was monitored via the first-order 242
decay (k;) in the ATH and AID systems through the features at 243
726, 613, and 533 cm™! (AIH) and 728, 627, and 501 cm™! 244
(AID). The rate constants, ks, were determined to be 0.125 + 245
0.051 min™' and 0.099 + 0.004 min~' for AIH and AID, 246
respectively, i.e., identical rates within the error limits. The 247
absence of isotope effects in steps I and IIT is reflected in the fact 248
that no deuterated reactants were involved in the decomposition 249
processes. Note that phase II is accompanied by a facile 250
detrapment of the particle considering the release of the gases 251
and self-ignition. However, we were also able to extract kinetic 252
traces for the ATH system at 600 = 5 K yielding a rate constant of 253
1.01 + 0.07 min~" (Table S2 and Figure S8), i.e., a 810 + 380% 254
enhancement of the reaction rate by increasing the temperature 2ss
by only about 3%, i.e., 20 +10 K. Following the Arrhenius law,”® 256
this translates into a classical activation energy of 303 + 180 kJ 257
mol™" for the decomposition of diiodine pentoxide to its 258
elements via eq 3 being endothermic by 173 kJ mol ™" at 298 K. 259

In conclusion, the decomposition of single, levitated AIH and 260
AID particles in an argon inert atmosphere involves three 261
discrete stages: the loss of water (H,0) commencing at 375 + S 262
K (phase I), the conversion of iodic acid (HIO;) into diiodine 263
pentoxide (I,0;) and water (H,0) starting at 480 = S K (phase 264
II), and the decomposition of diiodine pentoxide into the 265
elements (iodine and oxygen) beginning at 580 + S K (phase 266
I1I). Most critically, for phase I and I1I, the decomposition onset 267
temperatures are significantly lower for singly levitated particles 268
than those reported for bulk ATH exploiting differential scanning 269
calorimetry by up to 82 K.'” This discovery stipulates 270
conducting decomposition studies with single particles, i.e., 271
the real conditions under which the additives are injected into 272
combustion systems, to obtain precise onsets of decomposition, 273
which might otherwise be masked by the bulk material. These 274
studies provide compelling evidence on an inverse isotope effect 275
for the loss of deuterated water versus water in levitated AID and 276
ATH particles with k,(D,0)/k;(H,0) =53 £ 0.6 at 375 £ SK. 277
Our findings of an inverse isotopic effect would gain support from 278
previous dehydration studies of mono- and hexa-hydrated main 279
group II (M = Ca?*,Sr**) iodates [M(D,0)(I0,),] versus 280
[M(H,0)(10;),] and [M(D,0)¢(103),] versus [M- 281
(H,0)4(105),] exploiting thermogravimetric (TG) and differ- 282
ential thermal analysis (TGA); these works report temperatures 283
of D,-water losses lower by 10 to 20 K compared to normal 284
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285 water with averaged dehydration enthalpies of 115 versus 93
286 kJ mol™.>>7*” The inverse isotopic effect observed for ATH versus
287 AID operates against conventional wisdom that due to the
288 heavier mass of deuterium versus hydrogen, heavier isotopo-
289 logues have lower vibrational frequencies compared to their
290 lighter counterparts. This in turn would require a greater energy
291 input for heavier isotopologues to overcome the transition state
202 of a chemical reaction, thus reducing the rate constants;>> this
203 was observed, e.g., in catalytic reactions,”® and in the
204 combustion of metallic and organic energetic materials of, e.g,
295 nanoaluminum with water,”” and octahydro-1,3,5,7-tetranitro-
296 1,3,5,7-tetrazocine (HMX);”" these normal kinetic isotopic
207 effects evidenced the critical role of a kinetically controlled
208 combustion process. The inverse isotopic effect of the dehydration
299 of ATH versus AID here is challenging to reconcile with formerly
300 postulated diffusion-limited dehydration steps of minerals with
301 water in the coordination sphere of metal ions,”” which should
302 cause a normal kinetic isotope effect with the dehydration being
303 faster for water compared to deuterated water. A promising
304 rationalization for the inverse isotopic effect is the red-shift of the
305 vibration modes to lower energies for deuterated water,
306 predominantly the symmetric and antisymmetric stretching
307 modes covering the 3531—2659 cm™' (AIH) and 2659—2000
308 cm™! (AID) ranges (Figure 5).
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Figure S. Blackbody spectra for 370, 375, and 380 K. The blackbody
spectra are overlaid with the vibrational modes of water (H,0) and
deuterated water (D,0). Relative absorbances of the water bands
(3137,2946,and 618 cm™") and deuterated water (2427 and 607 cm™")
are shown.

309  Since these regions reveal a significantly enhanced overlap
310 with the blackbody emission spectrum of the particles at 375 + 5
311 K, this could result in an enhanced energy absorption of
312 deuterated water compared to normal water.”’ This in turn
313 would lead to a boosted loss of deuterated water compared to
314 water due to the increased energy absorption and higher rate to
315 overcome the transition state of the reaction.

316 The fundamental knowledge obtained from the decom-
317 position studies of singly levitated AIH and AID particles along
318 with the observation of an inverse isotopic effect provide
319 quantitative insights into discrete stages, onsets of decom-
320 positions, intermediates (1,05), and gases formed (H,0, I, O,)
321 covering temperatures up to about 600 K. Therefore, AIH as a
322 coating of aluminum nanoparticles would not only replace the
323 oxide layers”'*'*** but also amplify the thrust through the

development of gaseous decomposition products in propulsion 324
systems. The molecular oxygen released via the decomposition 325
of diiodine pentoxide also provides an additional source of an 326
oxidizer which, in direct contact with the surface of the 327
aluminum nanoparticles, could potentially reduce ignition 328
delays, thus enhancing the efficiency of propulsion systems. 329
Further, the iodine gas produced neutralizes bacteria and 330
ultimately sterilizes potentially biolo§ically contaminated 331
environments including engine systems.’ 332

Overall, these results represent a very first step to a systematic 333
understanding of the decomposition processes of energetic 334
coatings such as ATH on metal nanoparticles ultimately aiding in 335
the development of next-generation, metal nanoparticle-based 336
propulsion systems along with energy-generation technologies 337
exploiting AIH-coated aluminum nanoparticles. This work 338
further provides an experimental benchmark for prospective 339
high-level computational investigation of the decomposition of 340
AIH and AID in the condensed phase, in particular the inverse 341
isotope effect as observed here, which is currently beyond reach. 342
From the experimental aspect, ignition studies of single levitated 343
JP-10 fuel droplets doped with AIH-coated aluminum nano- 344
particles are highly desirable to explore the impact of the ATH 345
coating on the combustion stages of JP-10 and ignition delags 346
ultimately augmenting the proficiency of propulsion systems.”* 347
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