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Abstract: A reversible gelation-release system was developed for safe storage of toxic hydrazine
solution based on gelation at lower critical solution temperature (LCST). Poly(N-isopropylacrylamide)
(PNIPAM) and its copolymer could form gels of 35wt% hydrazine by dissolution under low
temperature and storage at ambient temperatures. For example, PNIPAM gelled a 63 fold heavier
amount of 35wt% hydrazine. Aqueous hydrazine was released from the gels by compression or
heating, and the gelation—release cycles proceeded quantitatively (> 95%). The high gelation ability
and recyclability are suitable for rechargeable systems for safe storage of hydrazine fuels.
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1. Introduction

Hydrazine and its derivatives contain high energy and have been applied as fuels and propellants
of artificial satellites, space vehicles, and fighter jets [1-5]. Another potential application is a fuel for
hydrazine fuel cells (HFCs) [6-19]. HFCs using aqueous solutions with 10%-15% of hydrazine can
exhibit outputs as high as those of typical hydrogen fuel cells. Furthermore, the low corrosion of the
basic media enables use of accessible materials for both electrocatalysts and electrolyte membranes,
namely Co, Ni, Ag, and carbon electrodes and non-fluorine polymer membranes, which cannot be
used in hydrogen and methanol fuel cells requiring highly acidic media. The liquid nature makes
hydrazine more accessible for consumers by the facile treatment than gaseous fuels. However, the high
toxicity and risk of explosion limit the applicability of hydrazine fuels [8,20-22]. Accordingly, methods
for safer treatments of hydrazine are highly demanded.

For the safe storage of hydrazine fuels, gelation has been examined to avoid leakage. Some polar
polymers such as various polysaccharides serve as gelators for hydrazine and its derivatives [5,23-27].
The gels can be thixotropically transformed to sols fluid enough to be delivered to combustion engines
of rockets through pipelines [23-25]. However, the liquids containing the gelators may return to gels
again in the pipelines, which can be responsible for clogging up. Due to the loss of the gelators with
the fuels, this system is suitable to primary fuel supplying systems, but inapplicable to rechargeable
fuel supplying systems. Accordingly, rechargeable systems require reversible immobilization systems
employing immobilizing materials remaining in fuel tanks. From this point of view, we developed an
efficient gelation system for hydrazine and its aqueous solution based on cross-linked polymers with
high affinity to hydrazine [28]. Polyacrylamide, having similarity in structure to hydrazine, was the
best polymer for adsorption, and 30-50 fold excess amounts of aqueous hydrazine were immobilized
by cross-linked polyacrylamide. The amount of immobilization and the recyclability were superior to
chemical immobilization of aqueous hydrazine using cross-linked polymers bearing ketone moieties
(2 g of the polymer was used for 0.76 g of 10 wt% aqueous hydrazine) [9]. In addition, the adsorption
capacity of the polymer bearing ketone moieties was decreased in the second cycle, probably due to
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the irreversible side reaction by the Wolff-Kishner reduction, by which carbonyl groups are reduced to
alkanes by hydrazine under basic conditions [29]. Accordingly, adsorption without chemical reactions
is desirable for repeated storage. In the course of our study, we found that poly(N-isopropylacrylamide)
(PNIPAM) is soluble in 35 wt% aqueous hydrazine only under low temperatures. PNIPAM is the most
examined polymer with lower critical solution temperature (LCST) behavior, and applied in various
fields [30-33]. The transition takes place by the local change of the environment around the isopropyl
groups, which are surrounded by water below LCST but in contact with water and the hydrophobic
structures in PNIPAM [33]. We accordingly applied this LCST behavior to the reversible gelation of
aqueous hydrazine without chemical reactions, and herein report the efficient gelation-release system
potentially applicable to the safe storage of aqueous hydrazine for hydrazine fuel cell.

2. Materials and Methods

2.1. Materials

Aqueous solution of hydrazine (35 wt%) and poly(N-vinyl pyrrolidone) (PVP) (M., = 1,300,000) were
purchased from Aldrich (Missouri, MO, USA), and used without purification. N-Isopropylacrylamide
(NIPAM) was purchased from Wako Chemical (Tokyo, Japan) and purified by recrystallization with a
mixed solvent of hexane and diethyl ether. N,N-Dimethylacrylamide (DMAM) was purchased from Wako
Chemical, and purified by distillation under reduced pressure in the presence of CaH,. Acrylamide (AM)
was purchased from Wako Chemical, and purified by recrystallization with methanol. Furthermore,
2,2'-azobisisobutyronitrile (AIBN) was purchased from Tokyo Kasei Kogyo (Tokyo, Japan), and purified
by recrystallization with methanol. Anhydrous methanol and 1,4-dioxane used for polymerization were
purchased from Kanto Chemical (Tokyo, Japan), and stored under a nitrogen atmosphere. Anhydrous
hydrazine (Tokyo Kasei Kogyo) and N,N-dimethylformamide (DMF) (Kanto Chemical) were used
as received. PNIPAM, poly(N,N-dimethyl acrylamide) (PDMAM), and polyacrylamide (PAM) were
prepared according to the previously described method [28].

2.2. Instruments

'H nuclear magnetic resonance (NMR) spectra were recorded on a JEOL (Tokyo, Japan)
ECX-400 spectrometer (400 MHz for 'H) at room temperature. Molecular weight was evaluated
by size exclusion chromatography (SEC), measurements were performed on a Tosoh (Tokyo, Japan)
HLC-8120 GPC equipped with Tosoh TSK-gel «-M, «x-4000, x-3000, and x-2500 tandem columns using
N,N-dimethylformamide (DMF) containing 10 mM lithium bromide as an eluent at 40 °C. Polystyrene
standards (TSK polystyrene standards, Tosoh) were used for calibration. UV-vis (ultraviolet-visible)
spectroscopy measurements were performed on a JASCO (Tokyo, Japan) V-630 spectrometer. Fourier
transform infrared spectroscopy was measured on a Shimadzu (Kyoto, Japan) IRSpirit spectrometer
equipped with a Shimadzu QATR-S attenuated total reflection apparatus.

2.3. Radical Copolymerization of NIPAM with Comonomers (General Procedure)

NIPAM, a comonomer (total monomer amount = 2.50 mmol), and AIBN (5 mg, 1 mol% to total
monomers) were added to a polymerization tube containing a magnetic stir bar. Then, 1,4-dioxane
(2.5 mL) or methanol (2.5 mL) was added after the tube was filled with nitrogen after evacuation.
The tube was degassed and sealed, and the polymerization was conducted at 60 °C for 4 h. The reaction
mixture was poured into an excess amount of diethyl ether. The copolymers, poly(NIPAM-co-AM)
(P(NIPAM-co-AM)) and poly(NIPAM-co-DMAM) (P(NIPAM-co-DMAM)), were obtained by filtration
and drying under reduced pressure. The 'H NMR spectra of the polymers are indicated in
Supplementary Materials.

Entry 1: NIPAM = 142 mg (1.25 mmol), AM = 89 mg (1.25 mmol), yield = 201 mg (87%).

Entry 2: NIPAM = 189 mg (1.67 mmol), AM = 59 mg (0.83 mmol), yield = 204 mg (82%).
Entry 3: NIPAM = 257 mg (2.27 mmol), AM = 16 mg (0.23 mmol), yield = 209 mg (77%).
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Entry 4: NIPAM = 141 mg (1.25 mmol), DMAM = 84 mg (0.85 mmol), yield = 190 mg (85%).
Entry 5: NIPAM = 235 mg (2.08 mmol), DMAM = 40 mg (0.42 mmol), yield = 250 mg (91%).
Entry 6: NIPAM = 257 mg (2.27 mmol), DMAM = 23 mg (0.23 mmol), yield = 263 mg (94%).

2.4. Gelation of Hydrazine Solution by LCST Gelators (General Procedure)

PNIPAM (40 pg, 350 umol-unit) and 35wt% aqueous hydrazine (2.53 g) were added in a glass vial,
and the vial was stored at —20 °C for 24 h. Then, the homogeneous solution was gelled by storing at
room temperature.

2.5. Release of Hydrazine from Hydrazine Gel by Compression (Typical Procedure)

PNIPAM (80 ug, 710 umol-unit) and 35wt% aqueous hydrazine (5.05 g) were added to a glass vial,
and the vial was stored at —20 °C for 24 h. Then, the homogeneous solution was transferred into a
syringe with a cotton filter, and the mixture was gelled at room temperature (amount of hydrazine
gel =2.793 g). Aqueous hydrazine was squeezed off by compression (2.192 g, 79.7%). The concentration
of hydrazine (35 wt%) in the squeezed solution was quantified by UV-vis spectroscopy indicated by
p-dimethylaminobenzaldehyde.

2.6. Release of Hydrazine from Hydrazine Gel by Heating (Typical Procedure)

P(NIPAM-co-AM) (40 pg, 310 umol-PNIPAM unit and 70 pumol-AM unit) and 35wt% aqueous
hydrazine (2.50 g) were added in a glass vial, and the vial was stored at —20 °C for 24 h.
Then, the homogeneous solution was gelled at room temperature. Aqueous hydrazine was separated out
by heating in a thermostat oil bath set at 90 °C. The solution was weighed after removal of the aggregated
polymer (2.376 g, 94.9%). The concentration of hydrazine (37 wt%) in the separated solution was quantified
by UV-vis spectroscopy indicated by p-dimethylaminobenzaldehyde according to the method developed
by Gamble and Hoffman [34]. To a vial containing P(NIPAM-co-AM) absorbing a trace amount of aqueous
hydrazine, 35wt% aqueous hydrazine (2.376 g) with the amount identical to the released solution was added
again, and the vial was stored at —20 °C. Repeated experiments were carried out as the first experiment.

3. Results and Discussion

3.1. Phase-Transition Behavior of Aqueous Hydrazine Solution Containing Hydrophilic Polymers

The temperature-dependent phase transfer behavior was investigated for 35 wt% hydrazine
aqueous solutions of hydrophilic polymers under a 16 mg/mL concentration of the polymers.
The measurements were started from —10 °C, heated to 90 °C at a heating rate of 2 °C/min, and then
cooled to —10 °C at a cooling rate of 2 °C/min. The examined polymers are poly(N-isopropyl
acrylamide) (PNIPAM), poly(N,N-dimethyl acrylamide) (PDMAM), poly(vinyl pyrolidone) (PVP),
and polyacrylamide (PAM), which are found soluble in 35 wt% hydrazine in our previous work
(Figure 1) [28]. Protic polymers with higher Hildebrand solubility parameters [35] have high affinity
with hydrazine, while aprotic hydrophilic polymers and protic polymers with lower solubility
parameters have moderate affinity. PNIPAM, the most popular LCST polymer, was initially soluble,
but started clouding at —6 °C. The desolvation proceeded rapidly, and the transmittance became zero
at =3 °C by gelation (Table 1, Figures 2 and 3). The gel state was retained during the cooling process
until —10 °C, indicating the slow solvation of PNIPAM by hydrazine solution. The stability of the gel
implies the suitability as the reversible gelation system. The LCST lower than that in aqueous solution
and the slow solvation indicate that the affinity of PNIPAM with hydrazine is lower than that with
water. By contrast, PDMAM and PVP showed LCST at 53 and 59 °C, respectively, and the solutions
were transformed to turbid fluids (discussed later). The turbid fluids after the heating processes
turned transparent by the cooling process. The transitions during both heating and cooling were
very sharp. The LCST higher than room temperature is not suitable to the reversible gelation system.
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The solution of PAM having the solubility parameter closest to 35 wt% hydrazine aqueous solution
stayed homogeneous in the examined range. The similarity of the structures led to the high affinity.

o, . Y,

O HN"O

PNIPAM PDMAM PVP PAM
(22) (18) (26) (27-28)

Figure 1. Polymers examined in the phase transition of 35 wt% hydrazine aqueous solutions.
The numbers in the parentheses indicate the Hildebrand solubility parameters reported in [35].

Table 1. Phase transition temperatures of 35 wt% hydrazine aqueous solutions of polymers.

Polymer 2 PNIPAM PDMAM PVP PAM
Heating (°C) b -5 53 59 None
Cooling (°C) P <-10 49 53 None

2 Polymers = 40 mg, 35 wt% hydrazine aqueous solution = 2.53 g. ® Heating and cooling rate = 2 °C/min,
temperatures with 50% absorbance at 650 nm.
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Figure 2. Effect of temperature on transmittance of 35 wt% hydrazine aqueous solutions containing
16 mg/mL of (a) PNIPAM, (b) PDMAM, (c) PVP, and (d) PAM (scan rate = 2 °C/min, pathlength = 10 mm).
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Solution prepared Gel Separated mixture
at—-20°C

Figure 3. Photo-images of solution prepared at —20 °C, gel prepared at room temperature, and separated
mixture prepared by heating at 90 °C of 35 wt% aqueous hydrazine containing 1.6 wt% of PNIPAM.
A glass cuvette with dimensions of 45 X 12.5 x 12.5 mm was used.

In order to adjust the LCST precisely, copolymers, P(NIPAM-co-AM) and P(NIPAM-co-DMAM),
with various compositions were also prepared (Scheme 1, Table 2). The gelation behaviors were
investigated for PNIPAM, P(NIPAM-co-AM) and P(NIPAM-co-DMAM). Mixtures of 40 mg of polymers
and 2.53 g of 35wt% hydrazine aqueous solution were stored at —20 °C for 24 h to dissolve the
polymers. Then, the homogeneous solutions were stored at room temperature. All the solutions
became heterogeneous. While PNIPAM and the copolymers with higher compositions of PNIPAM
became gel, the copolymers with lower compositions of PNIPAM became turbid fluids (Figure 3,
Table 3). The effect of AM was stronger than the effect of DMAM due to the higher affinity of AM
and hydrazine, clearly indicated by the absence of LCST of hydrazine solution of AM. The hydrazine
affinity of the DMAM unit, stronger than that of the PNIPAM unit but weaker than that of the AM
unit, resulted in a weaker effect on the transition temperature.

AIBN /
HN S0 R.N" 0

Solvent, 60 °C, 4 h HN™ “O RN O
)\ Degassed sealed tube

R =H or CH;
Scheme 1. Radical copolymerization of NIPAM and comonomers.

Table 2. Synthesis of P(NIPAM-co-AM) and P(NIPAM-co-DMAM) by radical polymerization of NIPAM
and comonomers.

Copolymer
[NIPAM]y/IC Composition . o b My
Entry Comonomer Solvent omonomerly (NIPAM/Com Yield (%) (Mio/My) ©

onomer) 2
1 AM MeOH 50/50 49/51 87 6300 (1.4)
2 AM MeOH 67/33 56/44 82 62,700 (2.6)
3 AM MeOH 91/9 80/20 77 62,200 (3.2)
4 DMAM DOX 60/40 39/61 85 37,400 (3.2)
5 DMAM DOX 83/17 60/40 91 46,100 (2.7)
6 DMAM DOX 91/9 75/25 93 47,800 (3.6)

Conditions: 60 °C, total molar amounts of monomers = 2.50 mmol, solvent = 2.5 mL, 2,2’-azobisisobutyronitrile
(AIBN) = 30 pmol, degassed sealed tube. 2 Determined by 'H NMR spectroscopy (D20, 400 MHz). ® Isolated yield
after precipitation with diethyl ether. ¢ Estimated by size exclusion chromatography (SEC) (polystyrene standards,
N,N-dimethylformamide (DMF) containing 10 mM LiBr).
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Table 3. Gelation and phase transition behaviors of P(NIPAM-co-AM) and P(NIPAM-co-DMAM) in
35wt% hydrazine aqueous solution.

Copolymer Composition i Transition Temperature (°C)
Copolymer (NIPAM)/Co State at Tel.n.perature Higher P
than Transition Temperature Heatin Coolin
monomer) 2 8 )
36/61 Turbid fluid -1 -7
P(Ng’ﬁ;/['c‘" 60/40 Gel -1 -9
75/25 Gel <-10 <-10
49/51 Turbid fluid 69 60
P(gﬁiﬁ')c"' 56/44 Turbid fluid 32 28
80/20 Gel 4 -9

Conditions: the mixture of polymer (40 mg) and 35 wt% hydrazine aqueous solution was stored at —20 °C for
24 h, and the resulting solution was warmed to room temperature. 2 Determined by 'H NMR spectroscopy (D,O,
400 MHz). ® Measured by UV-vis spectroscopy (transmittance at 650 nm, scanning rate = 2 °C/min).

A probable reason for the unsuccessful gelation by the polymers resulting in turbid fluids is
the higher transition temperature. The gelation at LCST requires moderate interactions between the
gelator and the media, which can be attained by moderate molecular motion preventing solvation
and allowing weak interactions. At high temperatures, the molecular motion becomes vigorous and
the interactions between the media and the polymers are prohibited. As a result, the polymers are
phase-separated from the aqueous solution of hydrazine.

3.2. Release of Aqueous Hydrazine Solution from LCST Gels

3.2.1. Release of Aqueous Hydrazine Solution by Compression

The gel of 35 wt% hydrazine aqueous solution gelled by 1.6 wt% of PNIPAM was subjected
to the release of hydrazine solution by mechanical compression (Figure 4). The gel was prepared
in a glass syringe containing the cold hydrazine solution containing PNIPAM by storing at room
temperature. The gel was compressed by manually pushing the plunger, in an identical manner
to the previous work. The compression released 79.7% of hydrazine solution, and the rest of the
hydrazine solution was retained in the gel. The concentration of hydrazine in the released solution was
35 wt%, namely the same concentration as the original solution, as quantified by UV-vis measurements
indicated by p-dimethylaminobenzaldehyde, although there were differing strengths in the interactions
of PNIPAM with water and hydrazine. The identical concentration originates from the very trace
amount of PNIPAM in the gel that does not affect the concentration of hydrazine.

Compression

Y

hydrazine aqg. gel

Figure 4. Releasing of hydrazine from hydrazine gel by compression.
3.2.2. Release of Aqueous Hydrazine Solution by Heating

Hydrazine was released by heating the gels. Stable gels from PNIPAM and P(PIPAM-co-AM)
(80/20) were evaluated, and 1.6 wt% of the gelators was used (Table 4). The gels were heated for 5 min at
90 or 60 °C, and the gel was transformed into solid and liquid (Figure 3). The heating at 90 °C resulted
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in high release efficiencies for both, and the concentrations of hydrazine in the released solution were
almost identical to the initial concentration. The heating at 60 °C resulted in lower release efficiencies
by the partial phase separation and slightly higher concentrations of hydrazine. This predominant
release of hydrazine agrees well with the LCSTs of aqueous hydrazine lower than those of aqueous
solutions. The release at 60 °C suggests the limitation of this system for use at high temperatures.

Table 4. Release of hydrazine by heating of gels of 35wt% hydrazine aqueous solution.

o Hydrazine Release Hydrazine
Polymer Temp. O Ratio (%) 2 Concentration (wt%) P
90 93 35
PNIPAM 60 47 43
P(NIPAM-co-AM) 90 95 37
(NIPAM/AM = 80/20) 60 68 38

Conditions: the mixture of polymer (40 mg) and 35wt% hydrazine aqueous solution was stored at 20 °C for 24 h,
and the resulting solution was warmed to room temperature. Then, the gel was heated for 5 min. # Determined by
weight loss of gel. ® Measured by UV-vis spectroscopy indicated by p-dimethylaminobenzaldehyde.

The recyclability was examined for P(NIPAM-co-AM), exhibiting better releasing ability (Table 5).
Hydrazine gel was heated at 90 °C for 5 min to release hydrazine, and the residual solid was subjected
to the gelation again by adding aqueous hydrazine followed by cooling to —20 °C. This cycle was
conducted three times. The excellent gelation and releasing abilities were retained for three times,
indicating the high recyclability suitable to rechargeable systems. The slight increase in the hydrazine
concentration implies that the higher affinity of AM with water resulted in the residual water in the
remained gel.

Table 5. Recycling of P(NIPAM-co-AM) gelator for 35wt% hydrazine in releasing by heating at 90 °C for 5 min.

Cvcle Polymer/Hydrazine aq. Hydrazine Release Hydrazine
y (w/w) 2 Ratio (%) b Concentration (wt%) ¢
1 1/63 95 37
2 1/63 96 36
3 1/63 95 39

Conditions: the mixture of polymer (40 mg) and 35 wt% hydrazine aqueous solution was stored at —20 °C for
24 h, and the resulting solution was warmed to room temperature. Then, the gel was heated at 90 °C for 5 min.
@ Measured by weight of hydrazine gel. ® Determined by weight loss of gel. ¢ Measured by UV-vis spectroscopy
indicated by p-dimethylaminobenzaldehyde.

Weinvestigated the effect of hydrazine on the LCST gelation induced by polyacrylamide derivatives
by FTIR spectroscopy. The FTIR spectra of the solutions and the gels were almost identical and the
signals originating from the polymers were unobservable due to the low concentration. We accordingly
investigated the interaction of amide moieties with water and hydrazine employing DMF as a model
amide (Figure 5). The absorption of the stretching vibration of the carbonyl group of pristine DMF
was observed at 1651 cm™!. The carbonyl absorption of DMF mixed with water (v/v = 1/1) shifted
to 1647 cm~! by the hydrogen bonding with the proton of water reducing the sp? character of the
carbonyl group. By contrast, the carbonyl absorption of DMF mixed with hydrazine (v/v = 1/1) was
observed at 1660 cm™!, indicating that the N-H group in hydrazine did not interact with the carbonyl
group in DMF. The absorption of the N-H stretching vibration also supported the negligible interaction
between hydrazine and DMF (Figure 5b). The N-H absorption peaks of hydrazine were observed at
3333 and 3189 cm™!, indicating the strong hydrogen bonding, and these wavenumbers are identical
to those of hydrazine mixed with DMF observed at 3340 and 3193 cm™!. The N-H absorption of
aqueous hydrazine was observed at 3453 cm™! in the range of weakly hydrogen-bonded N-H moieties,
originating from the hydrogen bonding between the strongly basic nitrogen in hydrogen and O-H
protons of water having higher acidity than N-H protons of hydrazine.
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Figure 5. FTIR spectra of DMF, a mixture of DMF and hydrazine (v/v = 1/1), a mixture of DMF and
water (v/v = 1/1), and hydrazine for (a) carbonyl and (b) N-H regions.

These results indicate that the interaction of Lewis-basic hydrazine with Lewis-basic amide
moieties is weaker than the interaction of water with amide moieties. The weaker interaction means the
lower affinity of hydrazine with amide moieties, which leads to the weaker solvation of amide moieties
by hydrazine. This weaker solvation of amide moieties by hydrazine is ascribable to the affinity of
the examined polyacrylamide derivatives with aqueous hydrazine being lower than that with water,
resulting in the LCST of the solutions of the polyacrylamide derivatives in aqueous hydrazine lower
than the LCST in water.

4. Conclusions

We developed a reversible gelation system for aqueous hydrazine based on LCST gelation induced
by polyacrylamide derivatives occurring at lower temperatures than LCST in water. The affinity
between amide moieties with hydrazine being weaker than that with water is the plausible result of the
LCST in aqueous hydrazine being lower than the LCST in water. Gels of 35 wt% aqueous hydrazine
were formed by warming solutions of PNIPAM and its copolymers in aqueous hydrazine prepared
under cold conditions. Less than 2 wt% of the polymers were enough for sufficient gelation. Aqueous
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hydrazine could be released by compression at ambient temperature and heating. The recyclability
and high gelation ability are suitable to provide safe rechargeable fuel systems for hydrazine fuels.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-7080/8/4/53/s1,
Figure S1: TH NMR spectra of polymers (400 MHz, D,O, rt).
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