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TEXTILES

Radiative human body cooling by
nanoporous polyethylene textile

Po-Chun Hsu, Alex Y. Song,> Peter B. Catrysse,” Chong Liu,' Yucan Peng,' Jin Xie,'

Shanhui Fan,? Yi Cui?*

Thermal management through personal heating and cooling is a strategy by which to
expand indoor temperature setpoint range for large energy saving. We show that nanoporous
polyethylene (nanoPE) is transparent to mid-infrared human body radiation but opaque to
visible light because of the pore size distribution (50 to 1000 nanometers). We processed
the material to develop a textile that promotes effective radiative cooling while still having
sufficient air permeability, water-wicking rate, and mechanical strength for wearability.

We developed a device to simulate skin temperature that shows temperatures 2.7° and
2.0°C lower when covered with nanoPE cloth and with processed nanoPE cloth, respectively,
than when covered with cotton. Our processed nanoPE is an effective and scalable textile

for personal thermal management.

nergy consumption and climate change are

two major issues for humans in the 21st

century. The high consumption of energy

directly leads to excessive greenhouse gas

emissions, which severely disturbs the cli-
mate balance and causes global warming and
extreme weather (7, 2). Consequently, numerous
efforts are being made to develop renewable
energy such as solar, wind, ocean, hydrogen, and
carbon-neutral fuels (3-9). On the other hand,
reducing current energy consumption and im-
proving energy efficiency are equally important.
In fact, improving energy efficiency, through the
use of energy-efficient appliances or building de-
signs, is the most cost-effective way to solve the
energy issue, as compared with other energy
sources in the United States (10).

Space heating and cooling are the dominant
parts of residential and commercial energy con-
sumption. They contribute to 12.3% of total U.S.
energy consumption. Reducing the demand for
indoor temperature regulation will have sub-
stantial impact on global energy use (11-13).
Although conventional approaches have been
focusing on improving building insulation and
enabling smart temperature control (14-16), the
concept of “personal thermal management” is
emerging as a promising alternative. The objec-
tive of personal thermal management is to pro-
vide heating or cooling only to a human body
and its local environment, without wasting ex-
cess power on heating and cooling an entire
building. Because a human body has much smaller
thermal mass as compared with that of an
entire building, this approach should result in
far higher energy efficiency (17). To achieve this
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objective, it is necessary to have better control
over the heat dissipation process from the human
body in an indoor environment. At the normal
skin temperature of 34°C, the human body emits
mid-infrared (IR) radiation in the wavelength
range between 7 and 14 um, with the peak emis-
sion at 9.5 um wavelength. For a typical indoor
scenario, IR radiative heat dissipation contrib-
utes to more than 50% of the total body heat
loss (I8, 19). The objective of personal thermal
management is to enhance radiative dissipation
in the summer and suppress it in the winter.
However, traditional textiles are not designed
for infrared radiation control. We demonstra-
ted promising results in achieving passive per-
sonal heating without energy input during cold
weather by using a metallic nanowires-coated
textile that reflects more than 40% of human
body infrared radiation and warms up the human
body (20). As for personal cooling in hot weather,
we need to make textile IR-transparent in order
to fully dissipate human body radiation (21). Be-
cause human skin is an excellent IR emitter (emis-
sivity = 0.98) (22), an IR-transparent textile would
allow for cooling setpoints to be higher while
maintaining personal thermal comfort, with a
1° to 4°C increase in setpoint temperature trans-
lating to an energy savings of 7 to 45% (23). Un-
like Peltier cooling or circulated water/air cooling,
personal radiative cooling is passive and does not
require integration with electronics and wiring
(24, 25). The IR-transparent textile should also
possess wearability properties that are compara-
ble with traditional human cloth, such as water-
wicking and air permeability.

‘We numerically solved the steady-state heat
transfer model of clothed human skin to esti-
mate the impact of IR-transparency of textiles
on an air conditioner setpoint (Fig. 1A). The
model assumes constant human skin temper-
ature and constant metabolic generation rate,
so that the air conditioner setpoint will change
according to different heat transfer coefficients
of the textile. The setpoint rises because of the

enhanced radiative cooling as the IR transmit-
tance increases, approaching the limit of the
bare skin case (26.6°C). Polyolefin films that have
an IR-transmittance of 95% require a setpoint
of 25.8°C, whereas IR-opaque materials such as
cotton textile require a setpoint of 22.6°C, roughly
3°C lower.

The challenge for developing a material that
is transparent to IR but opaque to visible light is
that the radiation spectrum (7 to 14 um) overlaps
with most of the IR absorption wavelength of com-
mon textile materials—for example, C-O stretching
(7.7 t0 10 pm), C-N stretching (8.2 to 9.8 um), aro-
matic C-H bending (7.8 to 14.5 um), S=0 stretching
(94 t0 9.8 um), and others (26, 27). As a result, most
textile materials strongly absorb human body ra-
diation and have very low IR transparency (fig.
S1). Polyolefins such as polyethylene (PE) have
only aliphatic C-C and C-H bonds and conse-
quently have narrow absorption peaks centered
at the wavelengths of 3.4, 3.5, 6.8, 7.3, and 13.7 um
(28), which are all far away from the peak of hu-
man body radiation. However, one cannot use a
normal PE film as textile material because it is
visibly transparent and does not have desired
properties for textile, such as air permeability
and water-wicking.

Here, we propose nanoporous PE (nanoPE)
to be a good IR-transparent textile for human
body cooling. NanoPE has interconnected pores
that are 50 to 1000 nm in diameter (Fig. 1B). The
pore sizes are in the size range comparable with
the wavelength of visible light (400 to 700 nm),
which scatter visible light strongly and make
PE opaque to human eyes. The pore sizes are
also much smaller than the IR wavelength, so
the nanoPE film is still highly transparent to
IR. The interconnected pores enable air perme-
ability and can be water-wicking when the PE
surface is chemically modified to be hydrophilic.

We modeled the visible and IR transmittance
of nanoPE film using a rigorous coupled-wave
analysis (RCWA) (Fig. 1C) (29). The nanoPE shows
>90% total IR transmittance for wavelengths
longer than 2 pm. The nanoPE has low visible-
light specular transmittance, which better repre-
sents visible appearance, owing to strong nanopore
scattering (Fig. 1C). As we increased the average
pore size from 200 nm to 4.8 um, the scattering-
induced transmittance dip moved from visible to
near-IR and then mid-IR (fig. S2A). All the fea-
tures, including fibers and pores, are uniformly
scaled, but the total thickness is fixed. The weighted-
average IR transmittance based on human body
radiation starts to decay at a pore size of 1.2 um
and reaches minimum at 2.4 ym. The transmit-
tance dip moves to a longer wavelength at 4.8 um,
away from the human body radiation, which slight-
ly increases the weighted average transmittance.
For thicker nanoPE, the number of nanopores
along the light path increases, so the transmittance
variation is more profound (fig. S2, B and C). The
dimensions of fibers also influence scattering prop-
erty, so we fixed the pore dimensions and investi-
gated the fiber size effect (fig. S3). The transmittance
dips occur as well, but the magnitude becomes
smaller because of lower air-pore filling ratio. We
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Fig. 1. Optical property and morphology of nanoPE. (A) Simulated air
conditioner setpoint as the function of IR transmittance of textile at con-
stant human skin temperature and metabolic generation rate. (B) Sche-
matics of comparison between nanoPE, normal PE, and cotton. Only nanoPE
satisfies IR transparency, visible light opacity, and air convection simulta-
neously. (C) Simulated total and specular transmittance of infrared and
visible light for nanoPE, with average pore size of 400 nm. The thickness of
nanoPE is 12 um. Human body radiation is indicated by the yellow shaded
region. (D) Simulated weighted average transmittance based on human body

radiation for various pore sizes. The average transmittance drops from >90%
to 80% as the pore size increases and begin to affect the transmission of
human body radiation. (E) Photo of commercial nanoPE. (F) High-resolution
SEM images of nanoPE. The nanopores are only 50 to 1000 nm in diameter,
which is essential to ensure high IR transmittance. (G) Measured total FTIR
transmittance of nanoPE, normal PE, and cotton. Because of the small pore
size, nanoPE is as transparent as normal PE. Cotton, on the other hand, is
completely opaque. (H) Visible opacity measurement quantitatively confirms
that nanoPE is as opaque as cotton.

used the simulations as a guide for developing
appropriate nanostructures for the material.
Remarkably, nanoPE is commercially available
and widely used in lithium-ion batteries as a sepa-
rator to prevent electrical shorting between anodes
and cathodes. These PE separators (Fig. 1E) have
interconnected nanopores, with ~50% pore volume
for holding liquid electrolyte (30). The separators
are white and have a comparable cost of ~$2/m? to
normal textiles. The commercial nanoPE has pores
of 50 to 1000 nm in size and some aligned fiber-
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like structure of a few micrometers wide (Fig. 1F).
A zoomed-in scanning electron microscope (SEM)
image (Fig. 1F, inset) clearly shows the nanopores
that satisfy the size requirement of an ideal IR-
transparent textile and form pathways for fluid
permeation. We measured the total IR transmit-
tance with a Fourier transform infrared (FTIR)
spectrometer equipped with a diffuse gold inte-
grating sphere (Fig. 1G). The nanopores do not
affect the total IR transmittance, giving almost
the same transmittance for nanoPE and normal

PE. The weighted average transmittances based
on human body radiation are 96.0% for nanoPE,
93.8% for normal PE, and only 1.5% for cotton.
NanoPE and cotton both exhibit white color
because of visible light scattering (31), whereas
normal PE is visibly transparent (Fig. 1H, inset).
Quantitatively, we define opacity as (1 - specular
transmittance), representing the ability to prevent
objects behind the textile to be recognized. We
used an ultraviolet-visible (UV-Vis) spectrometer
and found that both nanoPE and cotton have
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opacity higher than 99% for the entire visible
spectrum, whereas normal PE has only 20% opac-
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§ 36.4 effect of nanoPE with a device that simulated the
g 36 343 heat output of skin (Fig. 2A). NanoPE increases
. =3 335 . the simulated skin temperature by 0.8°C, com-
S;er::g:: E * pared with 3.5°C for cotton and 2.9°C for the
£ x| fibrous PE textile Tyvek that DuPont manufac-
Insulafing f n tures (Fig. 2B). Because the difference between
foam metallic pattern 30+ skin and ambient temperature (23.5°C) is small,

Bare skin NanoPE Cotton

this skin temperature difference can be approxi-
mated as the air conditioner setpoint difference.
We used an H-shaped piece of metal to show the
textile IR transmittance by use of thermal imaging
(Fig. 2C). Whereas bare skin and nanoPE clearly
show the H-pattern, cotton and Tyvek do not show

NanoPE Cotton

Fig. 2. Thermal measurement of nanoPE and various textile samples. (A) Experimental setup of
textile thermal measurement. The heating element that generates constant heating power is used to
simulate human skin, and the “skin temperature” is measured with the thermocouple. Lower skin
temperature means a better cooling effect. (B) Thermal measurement of bare skin, nanoPE, cotton,
and Tyvek. NanoPE has a much better cooling effect than that of cotton and Tyvek because of its
high IR-transparency. (C) Thermal imaging of bare skin and the three samples. Only nanoPE can
reveal the H-shape metallic pattern because of its IR-transparency.
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the metallic pattern. Cotton and Tyvek also ap-
pear colder because IR radiation is blocked from
transmission. Such difference in IR transmittance
is because Tyvek has fiber and pore sizes that are
tens of micrometers (fig. S4, A and B), which re-
sults in stronger scattering and makes it appeal-
ing for applications other than personal thermal
management. At the same thickness, nanoPE is
more [R-transparent than Tyvek by 9 to 14% (fig. S4C).

Besides high IR-transparency and high con-
vective heat dissipation—which ensure superior
cooling effect—wicking, mechanical strength, and
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Fig. 3. The treatment of nanoPE for various wearability testing. (A) Schematic of the fabrication process of PDA-nanoPE-mesh. In all the textile tests, PDA-
nanoPE-mesh shows performance comparable with that of cotton. (B) Water vapor transmission rate test shows how human perspiration can transmit through the
textile. (C) Air permeability test examines the air flow rate through the textile at certain pressure drops. (D) Wicking distance shows the ability to transport perspiration
for quick evaporation. (E) Tensile strength test demonstrates that PDA-nanoPE-mesh has the same ultimate tensile strength as that of cotton.
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Fig. 4. Properties of PDA-nanoPE-mesh. (A) Photo of PDA-nanoPE-mesh. The spots that are 1 mm in
diameter are the welding points. The microholes for improving air permeability are barely noticeable.
(B) Total IR transmittance. (C) Visible opacity. (D) Thermal measurement.

air permeability are important for a textile to be
wearable. We altered nanoPE with a number of
processes in order to make it a suitable human
cloth (Fig. 3A). We created 100-um holes spaced
500 um apart with commonly used microneedle
punching (32). We coated the punched nanoPE
with the benign hydrophilic agent polydopamine
(PDA) (33-35) so as to enhance fluid wicking. We
then sandwiched cotton mesh between two layers
of PDA-nanoPE and bonded it with point welding
in order to reinforce the mechanical strength.
We performed several tests for common textile
properties on PDA-nanoPE-mesh, PDA-nanoPE,
nanoPE, Tyvek, cotton, and normal PE. All nanoPE
samples (punched or not) have high water vapor
transmission rate (WVTR) (~0.016 g/cm? hour),
which is a proxy for transmitting water vapor
from perspiration through natural diffusion and
convection (Fig. 3B). This shows that the nano-
pores themselves are permeable enough for water
vapor under the natural convection situation.
Cotton and Tyvek have slightly lower WVTR
(~0.014 g/cm? hour), and normal PE is completely
nonpermeable. Air permeability is defined as the
transmitted flow rate of air as a function of the
applied pressure and represents the ability of
the textile to let wind blow in and then carry the
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body heat away. Because of the microholes that
resemble the spacing between the yarns in woven
cotton textile, the air permeability of PDA-nanoPE-
mesh, PDA-nanoPE, and cotton are similar, in
the range of 40 to 60 cm®/s cm? Pa (Fig. 3C). In
contrast, Tyvek, nanoPE, and normal PE show
inadequate air permeability (Fig. 3C). Because
the microhole size is as small as human hair
(100 um), the visual opaqueness is not affected.
Wicking rate shows how efficiently liquid water
transports in the textile. Higher wicking rate
means that perspiration can spread and evapo-
rate quickly. Cotton is well known to have a high
wicking rate due to the hydrophilic cellulose fi-
bers, with a wicking distance of 9.7 mm (Fig. 3D).
PDA-nanoPE-mesh has a comparable wicking dis-
tance of 8.3 mm because of the PDA coating and
capillary effect from the dual-layer structure. PDA-
nanoPE is hydrophilic, but the lack of horizontal
spacing limits the capillary effect. Tyvek, nanoPE,
and normal PE are hydrophobic and therefore do
not have any wicking length. We measured the
mechanical strength of a strip of 2-cm-wide PDA-
nanoPE-mesh, which can endure 45 N of tensile
force (Fig. 3E). The strength is comparable with
cotton and is due to the cotton mesh integrated
into our fabric.

By carefully choosing the PDA thickness, micro-
hole size, and mesh-filling ratio, PDA-nanoPE-
mesh can retain good optical and thermal property
(Fig. 4). The weighted average IR transmittance
is 77.8%, and the opacity remains >99%. The skin
temperature increases by 0.7°C compared with
wearing pristine nanoPE and is 2.0°C lower than
when wearing cotton textile. We demonstrated
nanoPE as a favorable material to realize IR-
transparent human cloth for personal thermal
management. It will be worthwhile to explore
the potential wearability modification methods
on the basis of nanoPE. Coloration, for example,
can be done by mixing with masterbatches or
flexography printing. The pigments need to have a
low absorption coefficient in the wavelength range
of 7 to 14 um and be benign to the human body.
Common pigments such as Prussian blue, ferric
oxide, and ferrous oxide are all possible choices.
PE and PDA coating are stable (36, 37), but
further study such as performance evolution
with perspiration, wash cycles, abrasion cycles,
or ultraviolet irradiance will be meaningful for
practical use.
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ASYMMETRIC CATALYSIS

Ligand-accelerated enantioselective
methylene C(sp’)-H bond activation

Gang Chen,'* Wei Gong,* Zhe Zhuang," Michal S. Andri,' Yan-Qiao Chen,' Xin Hong,?>
Yun-Fang Yang,” Tao Liu,' K. N. Houk,?} Jin-Quan Yu't

Effective differentiation of prochiral carbon-hydrogen (C-H) bonds on a single methylene
carbon via asymmetric metal insertion remains a challenge. Here, we report the discovery of
chiral acetyl-protected aminoethyl quinoline ligands that enable asymmetric palladium
insertion into prochiral C—H bonds on a single methylene carbon center. We apply these
palladium complexes to catalytic enantioselective functionalization of g-methylene C-H bonds
in aliphatic amides. Using bidentate ligands to accelerate C—H activation of otherwise
unreactive monodentate substrates is crucial for outcompeting the background reaction driven
by substrate-directed cyclopalladation, thereby avoiding erosion of enantioselectivity. The
potential of ligand acceleration in C—H activation is also demonstrated by enantioselective
B-C—H arylation of simple carboxylic acids without installing directing groups.

nantioselective functionalization of pro-

chiral C-H bonds can potentially lead to

a broad range of efficient routes to chiral

compounds. Despite extensive efforts, the

scope and efficiency of enantioselective
C(sp)-H activation reactions are far from ade-
quate for broad applications in asymmetric syn-
thesis (7, 2). Enantioselective carbene and nitrene
insertions into C(sp®)-H bonds have been dem-
onstrated in both diastereoselective and enantio-
selective fashion (3-7). However, asymmetric
C(sp®)-H activation reactions via metal insertion
are limited to the desymmetrization of two prochiral
carbon centers (8-15) (Fig. 1A). For example, de-
symmetrizations of relatively reactive cyclopropyl
and cyclobutyl C-H bonds have been achieved with
PdA(II) catalysts and chiral monoprotected amino
acid (MPAA) ligands (8-11). Desymmetrization
of two carbon centers has also been achieved
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through a Pd(0)-catalyzed intramolecular C-H
arylation, as demonstrated in a series of pioneering
studies (12-15). Thus far, development of an ef-
ficient chiral metal catalyst that can differentiate
prochiral C-H bonds residing on a single methylene
carbon center via metal insertion remains a chal-
lenge. In terms of synthetic disconnection, such a
process is also distinct from the desymmetriza-
tion, as the newly created chiral center of amide
substrates resides at the f-methylene carbon in-
stead of the a-carbon center. Recently, a transient
chiral directing group has also been shown to
perform enantioselective C-H arylation of benzylic
C-H bonds (16). However, the transient amino acid
directing group does not promote alkyl methylene
C-H activation. Furthermore, the transient di-
recting group is also incompatible with sub-
strates derived from carboxylic acids.

The use of a bidentate 8-aminoquinoline di-
recting group and a chiral phosphoric amide lig-
and has afforded moderate enantiomeric ratios
(er), ranging from 74:26 to 91:9 with benzyl C-H
bonds, though this method is much less suc-
cessful with alkyl C-H bonds (63:37 er) (17). In
general, such strongly coordinating directing
groups promote ligandless C-H activation re-
actions, which could be detrimental for asymmetric

catalysis, as these background reactions erode
enantioselectivity. Bidentate coordination from
substrates also prevents the exploitation of a wide
range of potentially powerful chiral bidentate lig-
ands in palladium catalysis due to a lack of vacant
coordination sites. Practically, the requirement for
bidentate coordination from substrates precludes
the use of a variety of simple monodentate directing
groups and native functional groups to direct
C-H activation, an important goal of the field.

Despite the aforementioned challenges, enantio-
selective B-C-H functionalization has long been
the focus of our research efforts due to the im-
portance of constructing B-chiral centers in
asymmetric synthesis. Current retrosynthetic dis-
connections for the asymmetric synthesis of
B-functionalized chiral carboxylic acids or amides
extensively use conjugate addition reactions of the
corresponding olefins. Rh(I)-catalyzed asymmetric
conjugate addition of a,p-unsaturated ketones
with aryl boronic acids has afforded a useful
method for the preparation of chiral B-arylated
compounds (I8, 19). However, when a given sub-
strate or synthetic intermediate contains a sat-
urated aliphatic acid chain without double bonds,
direct enantioselective arylation of the methylene
C-H bonds at the B position of amides through
palladium insertion provides a solution (Fig. 1B).
In our early efforts, we adopted a chiral auxiliary
approach to gain insight into stereoselective pal-
ladium insertion into B-C (sp®)-H bonds (20). How-
ever, development of an enantioselective version
of these diastereoselective B-C-H iodination and
acetoxylation reactions has not been successful,
owing to the lack of an appropriate ligand that
can match the strongly coordinating oxazoline
directing group (21). Employing a weakly coordi-
nating amide directing group in combination with
chiral MPAA ligands has led to desymmetrization
of methyl, cyclopropyl, and cyclobutyl C-H bonds
(Fig. 1A) at two different carbon centers (9, 10).
Unfortunately, MPAA ligands have proven in-
effective in promoting palladium insertion into
acyclic methylene C-H bonds.

Here we report the discovery of chiral acetyl-
protected aminoethyl quinoline (APAQ) ligands
that enable Pd(II)-catalyzed enantioselective aryla-
tion of B-methylene C-H bonds of aliphatic amides,
with enantiomeric ratios reaching up to 96:4 and
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