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"g Surface energies are measured using oxide melt solution calorimetry of materials with different surface areas for several likely exoplanet condensates including forsterite (Mg,SiO,), and enstatite (MgSiO,), SIO, and amorphous
= silicates. The exoplanet community currently relies on theoretical or estimated surface energy data for nucleation rate calculations for hot Jupiter cloud species, which are the basis for determining which species should dominate
3 exoplanet atmospheres. This work inputs the newly measured surface energy data to calculate nucleation rates for each of the proposed cloud species in specific planetary atmospheres such as WASP 17-b and VHS 1256D.
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which species should dominate exoplanet atmospheres. This work (Kopparapu et al., 2018; Gao and Benneke,
inputs the newly measured surface energy data to calculate 2018), but our work suggests that the
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nucleation rates for each of the proposed cloud species given in Figure 2. ZnS precipitating rapidly from a A

current measured surface energies and such forsterite (Mg,SiO,), gas phase in a planetary atmosphere (or Figure 2. Formation of polymorphs from nanosized

zinc sulfide (ZnS), enstatite (MgSIO3), Wlth others planned. AHds — drop solution enthalpy elsewhere) is Iikely to form initiaIIy as 3 sphalerite and wurtzite in the presence of impurities
poorly crystalline or amorphous nanophase, and as the cloud condensation nucleus grows,

that phase transforms to fine nanocrystalline wurtzite, followed by nano and bulk sphalerite
due to coarsening, and then the condensate would transform to bulk wurtzite given a high

Nanoparticle Synthesis enough temperature.

Enstatite

The newly measured surface energy of enstatite
(Householder et al. 2023) The high surface energies
of enstatite and forsterite likely inhibit direct
condensation of crystalline nanoparticles of these B
two key silicates in a wide range of astrochemical B
environments. ”

Silicate Nucleation Results

Each chemical species has a
different synthesis method.
For ZnS, nano-sphalerite
was synthesized using the
hydrothermal method.
Nano-enstatite was
synthesized using the
sol-gel method.
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Figure 1. Dashed lines represent the condensation temperatures of several chemical species as a
function of pressure. The black lines represent temperature-pressure profiles of Jupiter and
Uranus and two exoplanets, HR 8799b (a young, directly imaged exoplanet) and HD 209458b (a
hot Jupiter). Condensation of a given species occurs when a planet’s temperature-pressure
profile becomes lower than a species’ condensation temperature profile. (Figure adapted from
Gao et al. 2021a)
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When modeling aerosol formation in hot Jupiter atmospheres, the

surface energies that have been used for many condensates are
close to an order of magnitude smaller than experimentally
measured values using calorimetry and other methods (Table 1)
(Boni & Derge 1956; Castro et al. 2006).

Historically, astrophysicists have relied on atomistic estimates of

surface energies, but we argue here that it is time to start using
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which the JWST observed silicates in VHS 1256 b. (left) Nucleation rates using surface
energies for select amorphous silicate cloud species. (right) Nucleation rates using surface
energies for select crystalline silicate cloud species.

nanoparticles - measured
at 77 K using a 10-point
BET technique on the

analysis port of a Nucleation Code Results for WASP 17 b

FTIR Spectroscopy:

Table 1. Surface energies of potential condensate particles in exoplanet atmospheres. ,‘s !5, Bruker Vertex 70 Micromeritics ASAP 2020 T o | Sl F—
Blue is the measured value from a paper that has been accepted in Geochimica et - spectrometer — - Homogeneous — - Homogeneous
Cosmochimica Acta, 4 (Subramani et al. 2022), ' (McHale et al. 1997), 2 (Castro et al. LD - o7t )

2006), 3 (Chen & Navrotsky 2010), ° (Gao et al. 2020), ° (Kozasa et al. 1989), ” (Boni &
Derge 1956), 8 (Lee et al. 2018), ® (Lee et al. 2015), 19 (Celikkaya & Akinc 1990), " (Zhang
et al. 2003)
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Surface energies for anhydrous crystalline and amorphous silicate nanoparticles

Surface energy of crystalline Surface energy of amorphous
species (J/m?) species (J/m?)

MgSi0; (enstatite) 4.79+0.45 7 1.8+ 0.10 §

MgaSIOs (forsterite) al=02l? S High temperature oxide melt solution calorimetry is
Fe,S104 (fayalite) 247 +£0.20 % 0.93 ** _ . . .
Si0, (silica) 1,00+ 0.07 * 0.26 & oerformed using a Tian-Calvet twin calorimeter AlexSYS

f (Householder et al. 2023) at 1073 K in a sodium molybdate or lead borate solvent.

§ (Householder et al. submitted)

S e S The bulk and nano samples of the species are
IS methodically dropped into the solvent to obtain the
drop solution enthalpy, AH,.. The nano sample are

water-corrected for in the thermochemical cycles. The
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Amorphous species nucleation rates as a function of temperature for a hot Nucleation results when the crystalline silicate surface
exoplanet at atmospheric pressure of 0.1 mbar with varying solar metallicities energies are used

At 0.1 mbar there may not be enough material for condensation of Mg- Crystalline silica is the dominant nucleating material in
rich silicates this atmosphere

Nucleation rates as a function of temperature for select cloud species in a hot Jupiter
atmosphere analogous to WASP-17b, with varying atmospheric solar metallicities of 0.1, 1.0,
10, and 100x solar and total atmospheric pressure of 0.1 mbar. The grey rectangle

** Am/Cry SE ratio of 0.3758 for enstatite was used to extrapolate the amorphous
forsterite and fayalite surface energies.

Table 2. Surface energies of anhydrous crystalline and amorphous silicate condensates.

Green is measured value for anhydrous crystalline enstatite. Blue is measured surface surface energy is then given by AH  (bulk)-AH . (nano encompasses the temperatures at which the JWST observed SiO2 in WASP-17b. (left)
energy of amorphous enstatite. water corrected)(kJ/mol) / surface area (m?/mol). Nucleation rates using surface energies for select amorphous silicate cloud species. (right)
Nucleation rates using surface energies for select crystalline silicate cloud species.
We thank Peter Gao for valuable discussions and support regarding exoplanet atmospheres and CARMA. Adas, . Ga, . Pt | & ot .V 2016, Astogny 674 (At Astonorin S, 61
We thank ASU faculty Hongwu Xu for help with GSAS-II analysis and Richard Hervig for valuable discussions and providing bulk orthoenstatite. We thank Karl Weiss, EEEEZ%_&?”géﬁ%;EZE%:Q%&:QQEE”:&EELG?S:i%i%usv‘izh°é”§°w:;r$§zk'yﬁ‘¢:’328s's'32‘6’?"‘?:53”;'?“('33ﬁ‘”;‘a’zr‘?;?:;;‘?‘?‘l"z?"cs‘i’tgg}1}?:3;}3?2;g%’—g%g&gﬁggsﬂgf1Ommmsg d I a b o r at o r 3 .l_
Gao, P., Marley, M. S., & Ackerman, A. S. 2018, Astrophys J, 855 (American Astronomical Society), 86
Kenneth Mossman, and Manuel Roldan-Gutierrez at the John M. Cowley Center for High Resolution Electron Microscopy (CHREM) at ASU for all electron microscopy § Eafkwfg"dDHDﬁA‘Gp;‘zEtf:'{"ié%{é"“Nvtgotz’:tjéN"“tph'ySRRtflr,??m% I o y
work. We thank David Wright at the Goldwater Materials Science Facility (GMSF) at ASU for help with high temperature synthesis. (LKSEK¥VH5Hf§§:”:&b'b“§”E‘ﬁ&:KJmﬁég5’5&?&&7‘;D”SJ/%‘}ES:'}:E%OEJE”A"F SR e i E
R s Navriaiy ~ 1007, Soome Ssc(i)?nfzs% American Association for the Advancement of Science), 788, https://www.s g
This work 1s financially supported by NASA FINESST grant 8O0NSSC22K1640. A G L SO | @ I i i ty -
Y Supp 4 st Tl Tom 0% Wien K slamg 0 0% S 70 AI’IZO na State U niversi Link to our Websites

——

.



	Slide 1

