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ABSTRACT: Organic molecules that undergo supercooling can provide the
basis for novel stimuli-responsive materials, but the number of such
compounds is limited. Results in this paper show that the stable organic
radical 2,2,6,6-tetramethyl-1-piperidine-1-oxyl (TEMPO) can form a stable
supercooled liquid (SCL). Upon melting and cooling back to room
temperature, the TEMPO SCL can persist for months, even after mild
physical agitation. Its high vapor pressure can enable crystal growth at remote
locations within the sample container over the course of days. Optical,
electron paramagnetic resonance, and birefringence measurements show no
evidence of new chemical species or partially ordered phases in the supercooled liquid. TEMPO’s free radical character permits
absorption of visible light that can drive photothermal melting to form the SCL, while a single nanosecond light pulse can initiate
recrystallization of the SCL at some later time. This capability enables all-optical switching between the solid and the SCL phases.
The physical origin of TEMPO’s remarkable stability as an SCL remains an open question, but these results suggest that organic
radicals comprise a new class of molecules that can form SCLs with potentially useful properties.

■ INTRODUCTION
Solid glasses1 and crystals2,3 composed of small organic
molecules have attracted attention as functional materials.
Recently, molecular liquids have begun to receive interest as
functional materials as well.4−6 There are two ways in which a
molecule can exist in the liquid phase at room temperature. First,
it can exist as a thermodynamically stable liquid with its melting
temperature Tm < 25 °C. Alternatively, it can exist as a
supercooled liquid (SCL) when its Tm > 25 °C. Supercooling
occurs when a liquid is cooled below itsTm but is unable to reach
the thermodynamic minimum solid-state due to kinetic
barriers.7,8 This metastable liquid can undergo sudden
crystallization when a perturbation is applied. The liquid-to-
solid transformation usually involves dramatic changes in optical
properties (scattering, luminescence output) as well as physical
properties such as viscosity and compressibility. Although
supercooling can complicate the search for thermodynamically
stable functional molecular liquids9 and on-demand energy
release from heat storage media,10,11 it also presents
opportunities to create new types of stimuli-responsive func-
tional materials. Examples include mechanically induced
crystallization of an SCL that can be used for rewritable
inks,12−15 as well as phase change materials that store heat that
can be released when solidification is induced.16 The ability of
SCLs to undergo solidification when exposed to a specific
stimulus is key to their utility. Ideally, an SCL should be
kinetically stable in the absence of this stimulus, so it can be
stored indefinitely until solidification is desired.
While studying the magnetic properties of the stable free

radical 2,2,6,6-tetramethyl-1-piperidine-1-oxyl (TEMPO)

(structure shown in Scheme 1, melting point Tm = 38°), we
found that it remained liquid after cooling back to room

temperature. We were surprised that this commonly used,
commercially available molecule could persist as a stable SCL
over months, comparable to the best reported lifetimes of
synthetic organic SCLs.17,18 Spectroscopic studies revealed no
indication of significant differences between TEMPOmolecules
isolated in solution and those in the neat solid and liquid phases.
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Scheme 1. Chemical Structure of 2,2,6,6-Tetramethyl-1-
piperidinyloxy (TEMPO)
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The radical nature of TEMPO gives rise to an absorption feature
that extends past 600 nm. We took advantage of this absorption
to demonstrate laser-induced melting to form an SCL followed
by impulsive laser heating to induce crystallization. There have
been multiple demonstrations of optical control of solid →
liquid phase transitions (melting)19−26 as well as liquid → solid
transitions.27,28 The results in this paper demonstrate that
optical control of an SCL solid → liquid → solid phase change
sequence is also possible. Furthermore, spin active liquids like
the TEMPO SCL are fundamentally interesting from a materials
standpoint.29 The physical origin of TEMPO’s remarkable
stability as an SCL remains an open question, but our results
suggest that small molecule free radicals may be worth
considering as a design motif for this class of materials.

■ EXPERIMENTAL SECTION
Sample Preparation. 2,2,6,6-Tetramethyl-1-piperidine-1-

oxyl (TEMPO, Sigma-Aldrich, 98% purity) and 4-hydroxy-
2,2,6,6-tetramethyl-1-piperidine-1-oxyl (TEMPOL, Tokyo
Chemical Industry) were used as received. To prepare a typical
SCL sample, 1.2 ± 0.20 g of TEMPO was loaded into a 20 mL
glass scintillation vial with a polyethylene-lined screw cap
(VWR, part number 66022−128). Lower mass samples could
also be prepared in 2 mL autosampler vials (Fisher, part number
03−391−8), NMR tubes, plastic vials, and 1 mm diameter
capillary tubing. The glass containers were either used as
received or cleaned by using different solvents (acetone, MeOH,
andHCl). Glass vials were also cleaned by soaking them in room
temperature Piranha solution (a 3:1 v/vmixture of concentrated
sulfuric acid and 30% hydrogen peroxide) for 40 min. Thermal
melting was achieved in a Barnstead Thermolyne 1400 furnace
set to 41 °C, and samples were immediately removed from the
oven and allowed to cool undisturbed on a benchtop to reach
room temperature.
UV−Visible Spectroscopy (UV−vis). All UV−vis meas-

urements were performed by using a Cary 60 UV−vis
Spectrophotometer. TEMPO solutions in chloroform were
analyzed in a 1 cm path length quartz cuvette, while the TEMPO
SCL absorption was measured using a 1 mm path length quartz
cuvette. For solid TEMPO measurements, a few drops of liquid
TEMPO were cast onto a microscope slide (Eisco 1 in. × 3 in.,
1.1 mm thick) under a coverslip (Fisherbrand Microscope
Cover Glass 25 × 25 mm). Solidification was induced by gently
tapping the slide after cooling to room temperature.
Electron Paramagnetic Resonance (EPR). EPR measure-

ments were conducted using a Bruker Magnettech ESR5000.
Samples were run with a center field of 338 mT, sweep width of
50 mT, modulation of 0.2, frequency of 100 kHz, and power of
10.0 mW.
Differential Scanning Calorimetry (DSC). DSC scans

were performed by using a Netzsch 214 Polyma differential
scanning calorimeter. Measurements were done with variable
heating and cooling rates, ranging from 0.2 to 5.0 °Cmin−1, over
a total range of 5−60 °C. After melting and cooling, the samples
were held at 20 °C for 30 min to confirm that no solidification
occurred in the metal sample holder.
Optical Melting and Solidification. Optical melting was

achieved by exposing 200 mg of solid TEMPO to a 532 nm
continuous wave (cw) laser for 5min at a power of 2W. After the
sample melted, supercooling was confirmed by observing the
liquid for up to 1 h at room temperature. Solidification of the
SCL was triggered by a single 532 nm pulse, with an energy of

270 mJ and a duration of 5 ns, generated by using a Continuum
Surelight SLII-10 laser.
Powder X-ray Diffraction (PXRD). TEMPO was crushed

into a fine powder using a mortar and pestle. PXRD was
performed by using a Panalytical Empyrean Series 2
diffractometer with CuKα radiation (λ = 1.5418 Å, 45 kV/40
mA power). The following slit sizes were used: incident
divergence (1/2°), incident antiscatter (1°), and diffracted
antiscatter (P8.0). The sample stage was set to spin with a
revolution time of 2 s and step size of 0.0131°.
Polarized Optical Microscopy. A few drops of liquid

TEMPO were cast onto a microscope slide (Eisco 1 in. x 3 in.,
1.1 mm-thick) under a coverslip (Fisherbrand Microscope
Cover Glass 25 × 25 mm). The sample was allowed to cool to
room temperature before capturing unpolarized and polarized
images using a Leica MC120 HD 2.5 Megapixel Microscope
Camera. Solidification of the SCL TEMPO was induced by
gently tapping the microscope slide, and images of the solid
sample were subsequently acquired.
Viscosity Measurements. To assess the viscosity of SCL

TEMPO in comparison to melted TEMPO, a 3.18 mmOD ball
bearing was dropped into a 17.78mm long NMR tube filled with
TEMPO. Videos were recorded at 60 frames per second (0.016 s
accuracy) using a Google Pixel 6 phone. For liquid TEMPO,
NMR tubes were heated to 45 °C followed by immediate use. In
the case of SCL TEMPO, the filled tubes were heated to 45 °C
and allowed to cool before the experiment. Water (viscosity =
0.89 cP at 25 °C) was used as a standard.

■ RESULTS AND DISCUSSION
When the heating curve of TEMPO was measured in a standard
DSC experiment, a pronounced endothermic peak at 38 °C was
observed, corresponding to the reported melting transition
(Figure 1). Integration of this peak allowed us to calculate an

enthalpy of fusion of 13.8± 0.4 kJ/mol (88.3± 2.5 kJ/kg). This
value is comparable to that of benzene30 but well below that of
typical phase change materials used for thermal storage.31 After
the temperature ramp was reversed and the sample was cooled,
no corresponding exothermic peak due to resolidification was
observed in the DSC curve. Varying the heating and cooling
rates from 0.2 to 5.0 °C min−1 had no effect on the shape of the
DSC curves (Supporting Information, Figure S1). Subsequent
heating of the SCL did not lead to crystallization, suggesting that
the TEMPO SCL was relatively stable against temperature
perturbations.

Figure 1.DSC thermogram for TEMPO with a heating/cooling rate of
5 °C min−1 illustrating an endothermic melting peak at 38 °C upon
heating but no exothermic peak upon cooling, which is an indication of
supercooling behavior.
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The DSC results were confirmed by visible inspection of
TEMPO samples that weremelted in an oven and then cooled to
room temperature. The presence of the liquid phase could be
easily determined by eye, since crystallization of the SCL led to a
large increase in the sample’s light scattering. Polarized light
microscopy gave no indication of any residual birefringence in
the SCL (Supporting Information, Figure S2). PXRD measure-
ments showed sharp peaks from the solid that could be assigned
to orthorhombic and monoclinic polymorphs, but the SCL
exhibited only a single very broad peak at 2θ = 15.3° (Supporting
Information, Figures S3−S5). The broad peak is characteristic of
organic molecular liquids and reflects the nearest neighbor
scattering in the liquid.32−34 No sharp peaks were observed that
would indicate the presence of a partially ordered or liquid
crystal phase. Using the falling ball method and water as a
standard, wemeasured the viscosity of the SCL to be 1.2 cP at 25
°C. This value was approximately 10% greater than the value
measured for the melt at 44 °C. The increased viscosity of the
room temperature SCL is consistent with the expected change in
liquid viscosity due to the lower temperature, which is in the
range for a structurally similar liquid like methylcyclohexane
(Supporting Information).35 None of these measurements
provided evidence of significant structural differences between
the SCL and the pure liquid in a high temperature melt. It is
possible, however, that more sophisticated rheology measure-
ments could provide evidence for the existence of cooperative
regions or longer relaxation times in the SCL.36

Supercooling was observed for TEMPO as received (reported
as 98% pure) and for TEMPO purified by sublimation,
suggesting that supercooling was not an artifact of chemical
impurities. Furthermore, SCL formation was observed in a wide
variety of glass containers, including 20 mL vials, NMR tubes,
and 1 mm diameter glass capillaries. Within a set of 20 mL vials
containing∼1 g of TEMPO, the longevity of the SCL depended
on which vial was used. Some vials would support the SCL for
only a few hours, while others could maintain the SCL for weeks
or months. If one of these long-lived vials was emptied and
refilled with fresh TEMPO, the long-lived SCL was still
observed, whereas a short-lived vial was never observed to
support a long-lived SCL.We suspected that this variationmight
be due to chemical impurities or solid residue inside the vial.
However, the use of various cleaning protocols, ranging from
acetone rinsing to Piranha acid cleaning, had no measurable
effect on the ability of a specific vial to support a long-lived SCL.
Based on these observations, we hypothesize that the solid-
ification of the SCL in a stationary container is induced by the
presence of microscale structural defects on the container walls,
rather than by chemical impurities or intrinsic nucleation events
within the melt itself.
SomeTEMPOSCL samples persisted for up to 6months with

no sign of crystallization, even after swirling or gentle shaking
(Figure 2, and Supporting Information, Video S1). In order to
check whether these samples could still crystallize, we used two
methods. First, if the cap was removed and the vial left open to
the air for several minutes, solidification typically occurred
within 10 min. We suspect that the impact of microscopic dust
particles from the ambient air induced crystallization. If the SCL
was vented through a small opening that prevented dust entry, it
would survive for hours while slowly evaporating. The second
method involved direct mechanical perturbation by dipping a
pipet tip into the SCL and withdrawing some liquid, which
induced crystallization within a few seconds (Supporting
Information, Video S2). Note that simply contacting the SCL

with a clean pipet tip was not sufficient to induce immediate
crystallization. A full characterization of the mechanical
conditions under which crystallization can be induced would
be desirable but is left for future work.
For the long-lived (>1 week) samples, the most common

mode of crystallization in a closed vial involved growth of a seed
crystal separated from the liquid. Over the course of days, a
TEMPO crystal would nucleate and grow on the walls or cap of
the vial. As the crystal extended from the nucleation point,
sometimes up to several centimeters in length, parts of it could
break off and drop into the SCL. These fragments acted as seed
crystals for solidification. In some cases, the crystal would
actually grow all the way down to the SCL to seed crystallization
(Figure 3). The stability of the TEMPO SCL, combined with its

higher vapor pressure, enabled crystal growth via evaporation of
the SCL and recondensation of the vapor as a solid at a distant
location within the container. This type of secondary crystal
growth was never observed for a solid TEMPO sample held
under the same conditions (Supporting Information, Figure S6).
Sublimation from the solid was apparently negligible over the
same time frame. This observation is consistent with previous
studies on water37 and organic molecules38 that have shown the
SCLs have significantly higher vapor pressures than their solids.
New crystal growth could be initiated at a specific location
within a few hours by placing a small amount of solid TEMPO in
a capillary in the desired location above the SCL, although the
resulting crystal needles typically grew in random directions
from the seed (Supporting Information, Figure S7). These
observations show that the TEMPO SCL can be used as a
reservoir to supply molecules for crystal growth at a remote
location in a sealed system.
To actively induce crystallization of the SCL in a closed

system, we utilized the visible absorption of the nitroxide radical

Figure 2. Observation of a TEMPO SCL sample at the following time
points: (a) immediately after removal from oven, (b) after 5 months
sitting undisturbed, and (c) after nucleation is induced by insertion of a
glass pipet tip.

Figure 3. Remote crystal growth from a TEMPO SCL observed at
different time intervals: (a) SCL after 1 h, (b) SCL after 12 days with
incipient crystal needle growing from top, and (c) after 16 days the
crystal needle reaches the SCL and induces crystallization.
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that provides a way to heat the sample by using light. We
previously used TEMPO as a photothermal agent for wax
melting,39 but in this work, we used a 532 nm laser to melt solid
TEMPO itself. Figure 4 shows a 100 mg mass of TEMPO being
melted by a cw 532 nm laser beam. Using 2W of laser power, the
TEMPO melted completely within 2 min. The laser melted
TEMPO persisted as an SCL for at least 1 h after the laser was
turned off. As observed for thermal heating in an oven,
solidification could not be induced using the cw laser to slowly
reheat the SCL. In order to trigger crystallization, we used a
pulsed 532 nm laser to impulsively heat the sample (Supporting
Information, Video S3). A single 5 ns, 270 mJ laser pulse could
vaporize part of the liquid, and the resultant bursting gas bubble
provided enough mechanical perturbation to trigger solid-
ification, which occurred within 200 ms of laser impact (Figure
4). We suspected that the laser melting might have been
incomplete, leaving some residual crystals on the sides of the vial
that could act as seeds when the laser pulse perturbed the SCL.
To eliminate this possibility, we confirmed that the same laser
pulse could also trigger the recrystallization of an SCL generated
by oven melting, where no residual seed crystals could exist. We
also confirmed that laser melting and recrystallization did not
affect a sample’s ability to form an SCL afterward, which
suggests that the 532 nm laser exposure did not generate new
chemical species that changed the SCL properties.
To fully characterize the laser-induced solid→ liquid→ solid

process, we would ideally measure the wavelength dependence
for both melting and solidification, but we were limited by the
availability of suitable laser sources to 532 nm. Given the strong
overlap of 532 nm with the TEMPO absorption, we assume that
direct absorption of the laser light and photothermal vapor-
ization provide the mechanical perturbation to trigger
crystallization. Similar mechanical perturbation of an SCL
using ultrasonication40 or laser cavitation41 have both been
shown to be capable of triggering crystallization. These
mechanical methods are distinct from other laser-induced
crystallization phenomena that rely on high fields to align and
trap molecules in solution,28,42 or on nonlinear laser breakdown
to produce chemical defects in the liquid that act as nucleation
sites.43 The optically induced thermal-mechanical method used
here to induce a solid → liquid → solid cyclic transformation
complements earlier work that relied on photochemistry to
accomplish a similar cycle.27

The chemical origin of TEMPO’s ability to form SCLs is not
obvious. One possible explanation for the stability of the SCL
would be the formation of a new chemical species in the liquid
phase that inhibits crystallization. UV−vis absorption measure-
ments on TEMPO in dilute solution, in the solid-state, and in
the SCL phase (Figure 5) all showed the same broad, featureless
peak due to the nitroxide radical n → π* transition,44 albeit
shifted to slightly longer wavelengths in the solid and SCL. The
absorption red-shift and broadening are consistent with the
higher dielectric and polarizability of the neat TEMPO samples

as compared to liquid CHCl3.
45 The EPR lineshapes of the solid

and the SCL were quite similar except for some additional
broadening in the solid (Figure 6a). We confirmed that isolated
TEMPO molecules in liquid solution exhibited the expected
hyperfine splitting due to the spin = 1 nitrogen atom (Figure 6b)
that collapsed to a single derivative feature in the neat solid and
liquid due to enhanced exchange interactions.46 Previous work
has shown that nitroxide radicals can form head-to-head dimers
or oligomers in solution with distinct EPR signatures,47,48 but
these splittings would likely be swamped by the broadening due
to rapid exchange in the dense liquid. However, the similar EPR
intensities for solid and SCL samples suggested that the spin
densities of both phases were within 10% of each other;
therefore, there was no indication of extensive spin pairing.
Neither UV−vis nor EPR measurements provided clear
evidence of new chemical species that could explain the SCL
stability.
If extraneous chemical species do not stabilize the liquid, then

the molecular structure itself must play a role. In general, the use
of strategic alkyl substitution to decrease molecular symmetry
has been successfully used to inhibit crystal growth,9,49 although
exceptions to this rule have also been found.50 The lowΔHfus of
TEMPO indicates that there is not a strong thermodynamic
driving force for crystal formation. If the intermolecular
interactions are enhanced by adding a hydrogen bonding
group, we expect that there will be a stronger driving force for
crystallization and no SCL formation. This hypothesis was
tested using 4-hydroxy-2,2,6,6-tetramethyl-1-piperidine-1-oxyl
(TEMPOL), in which an OH group is added to the six-
membered ring opposite the NO group. This derivative
crystallized immediately after being removed from the oven

Figure 4.Optically inducedmelting of TEMPO and solidification of SCLTEMPO in a 2mL glass vial: (a) initial solid state, (b)melting process using a
2W cw 532 nm laser, (c) stable SCL formed after laser melting, (d) impact of the single nanosecond 532 nm laser pulse laser indicated by the splash
mark formed toward the left of the vial, and (e) solid TEMPO formed after the single nanosecond pulse impacts the SCL.

Figure 5.UV−vis absorption spectra of solid TEMPO (blue), TEMPO
SCL (red), and dilute TEMPO in a chloroform solution (black) at 293
K.
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with no sign of supercooling, suggesting that the presence of a
strong directing group can overcome the thermodynamic factors
that give rise to stable SCL for TEMPO.
Finally, we examined whether TEMPO’s solid-state structure

could provide clues for the SCL stability. TEMPO exhibits three
different crystal phases,51 two of which have been fully
characterized by single crystal X-ray diffraction. In the
monoclinic form, the TEMPO molecules align themselves in
head-to-tail rows with the nitroxide substituents pointing in the
same direction.52,53 The orthorhombic form exhibits very
different packing without well-defined layers or orientational
ordering.54 PXRD measurements showed that solid TEMPO is
composed of a mixture of monoclinic and orthorhombic forms.
The starting crystal mixture had no effect on formation of the
SCL. Resolidification from both the melt and SCL regenerated a
monoclinic/orthorhombic mixture, although the relative
weighting of the two forms can change (Supporting Information,
Figure S5). Recent work has suggested that solid-state
polymorphism can translate to polyamorphism in supercooled
liquids.55 Because sustained crystal growth requires the
formation of a nucleus above a critical size,56 one possible
explanation for the stability of the TEMPO SCL is that very
different microscopic arrangements coexist within the liquid and
frustrate largescale crystal growth of either phase. Additional
measurements that quantitatively characterize the physical
properties of the SCL (vapor pressure, rheology, nucleation
kinetics) will be required to evaluate this speculativemechanism.

■ CONCLUSIONS
In this paper, we characterized the remarkably robust SCL phase
of the stable free radical TEMPO. Upon melting and cooling
back to room temperature, the SCL can persist for months even
after mild physical agitation. The SCL’s high vapor pressure can
enable crystal growth at remote locations within the sample
container. TEMPO’s free radical character permits absorption of
visible light for melting, while a nanosecond pulse of light can
induce recrystallization from the SCL. The capability of cycling
between solid and liquid phases using only light as a stimulus
may be useful for applications like controllable adhesion or
modifying light transmission properties. Although the exact
mechanism of the SCL stability is a subject for future
investigation, the discovery of TEMPO’s supercooling abilities

opens up a new class of materials for potential applications as
SCLs.
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