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ABSTRACT

Hypothesis: Molecular extraction efficiency can be boosted with the assistance of nanoparticles (NPs). It
is based on adsorption of the extractants in one phase and desorption in another phase, which requires a
reversible phase transfer of the NPs.
Experiments: We synthesized the gold@poly(N-isopropylacryamide) (Au@PNIPAM) NPs via an interfacial
self-assembly method enhanced by post-polymerization. We adopted Rhodamine 6G (R6G) as the model
molecule for the extraction test. In comparison, UV-Vis extinction spectra were recorded to monitor the
extraction processes with or without the Au@PNIPAM NPs. We further analyzed theoretically with ther-
modynamics and first-principle calculations.
Findings: The hybrid Au@PNIPAM NPs show a reversible phase transfer between the interface and chlo-
roform phases. The Au NPs assisted extraction efficiency of R6G shows 5 times higher than that without
Au NPs. The thermodynamic analysis of the nanotransportation system agrees well with the ab initio den-
sity functional theory calculations. This nanoparticle-assisted molecular transportation modifies the
extraction kinetics significantly, which will provide further implications for biphasic catalysis, pollutant
treatment and drug delivery.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

related to the distribution coefficient of the extracts in two phases,
which is determined by the thermodynamics [2]. To improve the

Extraction techniques, including both liquid-liquid and solid-
liquid extraction, play a very important role in chemical and envi-
ronmental engineering [1]. Conventional extraction efficiency is
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extraction efficiency, it is essential that the thermodynamic energy
landscape of the extraction system is modified, which leads to the
invention of advanced extraction techniques, such as partition of
aqueous two-phase systems, reverse micelle extraction, and super-
critical fluid extraction (SCF) [3-8].
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Nanoparticle-mediated solvent extraction provides another
promising opportunity towards efficient extraction. This extraction
mechanism is mostly based on absorption and desorption of the
extracts on the nanoparticles, which is actually a liquid-solid
extraction [9,10]. However, their release from the nanoparticles
becomes a problem if the extracts have a strong affinity to the
nanoparticles. Moreover, most of the nanoparticle extractants are
not reversible and recyclable, which increases the cost. Although
this recyclability issue can be resolved by using magnetic particles
for extraction, it is only applicable for certain types of molecules
and vulnerable to acid condition [11].

Metallic nanoparticles such as gold are stable in many solvents
with high surface to volume ratio, which can be an effective adsor-
ber for most organic molecules. It also provides an opportunity to
monitor the extraction process due to its plasmonic absorbance for
the visible light. However, due to the limitation of their synthetic
conditions, they are either born hydrophilic or hydrophobic, mak-
ing them not a good candidate for molecular extraction. Although
surface functionalization can transfer the gold nanoparticles (Au
NPs) into the other phase, they are mostly not reversible and the
ligandation on the surfaces causes limited accessibility for the
extracts [12-20].

Poly(N-isopropylacrylamide) (PNIPAM), which contains both
polar and nonpolar segments in the polymer chains, shows some
amphiphilic property [21]. Moreover, it has a lower critical solu-
tion temperature (LCST), above which it changes its surface
hydrophobicity, rendering reversible phase transfer [22]. Unlike
small molecule ligands, PNIPAM has a fairly low grafting density
on Au NPs [23], which leaves many of vacancy on the surface of
Au NPs for the extracts’ adsorption. With these advantages, we
propose a nanoparticle-assisted solvent extraction system that is
based on the reversible phase transfer of Au@PNIPAM hybrid
NPs. The temperature responsive PNIPAM aids the reversible phase
transfer of Au NPs between water and chloroform (CHCl3) upon
heating and cooling. During the phase transfer, the model mole-
cules (Rhodamine 6G, R6G) in aqueous phase adsorbed on Au
NPs are transported into the CHCl3 phase during the heating cycle,
which are subsequently released via desorption from the surface of
Au NPs. Interestingly, these Au NPs can go back to the water/CHCl;
interface after cooling the temperature below the LCST, which
reloads the R6G molecules for the next round of transportation.
We further explain this nanotransportation process from the per-
spective of thermodynamics and kinetics. This concept of nan-
otransportation not only enriches the family of colloidal
machines [24], but also suggests potential applications for pollu-
tants removal, targeted delivery, and biphasic catalysis [25-28].

2. Materials and methods
2.1. Preparation of the nano-transport system and characterizations

The Au NPs were synthesized according to Turkevich’s method
[29]. Typically, 34.94 mg of trisodium citrate (99.9%, Acros organ-
ics) dihydrate was dissolved in 149 mL water under magnetic stir-
ring, which was refluxed at 100 °C for 15 mins. Then 1 mL of
32.8 mM aqueous solution of gold (Ill) chloride trihydrate
(>99.9% trace metal basis, Sigma-Aldrich) was quickly injected into
the solution for burst nucleation and growth of Au NPs. The Au NPs
were harvested after refluxing the solution for 2 hrs [30]. Their
optical properties were characterized with UV-Vis extinction spec-
tra recorded with optifiber spectrometer (QE65000, Ocean Optics),
see supporting information (SI) Fig. S1a. The hydrodynamic diam-
eter of the as-synthesized Au NPs is 17 = 2 nm (SI-Fig. S1b) as
determined by Zetasizer (Malvern). Scanning electron microscope
(SEM, Zeiss SIGMA) image of the Au NPs further confirms their
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actual size is 13 + 2 nm (SI-Fig. S1c). The slight discrepancy from
hydrodynamic diameter is reasonably expected due to the exis-
tence of ligands in solution.

To prepare the Au/PNIPAM phase transfer system, 1 mL of the
as-synthesized Au NPs was mixed with 2 puL PNIPAM-SHCOOH
(10 mg/mL, M,, = 6000, PDI < 1.2 from Sigma-Aldrich) and incu-
bated at 40 °C for 5 mins. 20 pL of NaCl aqueous solution (1 M,
99.8%, Macklin) and 1 mL chloroform (99%, Yonghua Chemical
CO., LTD) were consequently added to form a biphasic system
(Fig. 1a). Centrifugation (~10 k g, 10 min) was applied to this bipha-
sic liquids, which led to the precipitation of Au NPs to the oil and
water interface [16]. The aqueous phase was then withdrawn into
a small droplet with volume of ~20 pL. To enhance the PNIPAM
coating, a 10 pL NIPAM monomer solution (99%, 2 M, Acros organ-
ics) containing initiator (100 pg K,S,0s, >99.5%, Adamas-beta) was
injected to the droplet for further polymerization (60 °C, 30 min).
The hydrodynamic diameter of Au@PNIPAM core-shell NPs is
increased from 19 to 23 nm after this post-polymerization (SI-
Fig. S2). The reversible phase transfer behaviour of Au NP@PNIPAM
was characterized by monitoring the UV-Vis spectra of Au NPs in
oil phase (Chloroform) by cycling the temperature between 25
and 45 °C. Dark field and transmission optical images of the plas-
monic microemulsion were captured with 10x/20x objective
(Olympus). The Au@PNIPAM core-shell NPs were further charac-
terized with the transmission electron microscope (TEM, JEM-
2010HT) at the accelerating voltage of 200 kV.

2.2. Extraction of R6G with metallic nanotransporters

10 pL of R6G (99%, Acros organics) solution (6.9 mM) was
injected into the water droplet containing AuUNP@PNIPAM. Heating
and cooling (with ramping rate of 10 °C/min) of the system for sev-
eral cycles led to the extraction of R6G from water into chloroform.
A control experiment without Au NPs was performed in the same
way. The heating and cooling of the solution was implemented in
a gpod-2e setup (Quantum Northwest), which allows simultane-
ous recording of the UV-Vis spectra during the extraction process.
The concentration of R6G in chloroform and water were calibrated
with standard correlation between concentration and absorbance
based on Lambert-Beer law (SI-Fig. S3).

2.3. First-principle calculations

The first-principle calculations are carried out by the VASP
package based density functional theory (DFT), in which the
electron-ion potential and exchange-correlation functional are
treated by the generalized gradient approximation (GGA) and pro-
jected augmented wave (PAW) [31]. For the structural relaxations,
the kinetic energy cutoff is set to 400 eV. The vacuum region of
20 A is used to avoid the periodic interaction. The complex system
contains double Au atomic layer, 1 R6G molecule, 25 H,0 mole-
cules and 12 CHCl; molecules. For a large system (300 atoms),
we consider non-polarized calculations at I'-point of the Brillouin
zone, used a Gaussian electronic smearing [32]. The stress force
and energy convergence criterions are chosen as 0.02 eV/A and
10~ eV, respectively. The van der Waals interlayer interaction is
treated by a semi-empirical DFT-D2 method [33,34].

3. Results and discussion
3.1. Reversible phase transfer of Au@PNIPAM NPs
We fabricate these nanotransporters via biphasic centrifugation

to form a plasmonic water droplet floating on the CHCl; (Fig. 1b-i).
The Au NPs are mostly situated at the water/CHCl; interface due to
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Fig. 1. Reversible phase transfer of Au@PNIPAM NPs between water and CHCls. (a)
Fabrication scheme of the reversible phase transfer system. The mixture of
Au@PNIPAM and CHCl; is 1) centrifuged, followed by discarding large amount of
aqueous phase to form a small droplet, and 2) a post-polymerization of PNIPAM at
the interface performed to enhance the coating density. (b) Pictures of the
reversible phase transfer process of Au/PNIPAM system in one cycle of heating
and cooling. (c¢) Hydrodynamic diameter of Au@PNIPAM NPs in water and CHCls.
The averaged sizes of Au@PNIPAM NPs in water and CHCl3 are 23 + 1 nm and
22 + 1 nm, (fitted with Gaussian distribution), respectively. Inset is the TEM image
of Au@PNIPAM core-shell NP after post-polymerization. (d) Optical image (trans-
mission) of the plasmonic microemulsion as shown in b-iii).

the centrifugation forces, which overcomes the interfacial energy
barrier [35]. However, these Au NPs at interface are not aggregated
due to the steric hindrance of PNIPAM chains. Further coating of
PNIPAM via in-situ polymerization is necessary to enhance its
physical entanglement to the Au NPs, which is crucial for the recy-
clability of Au NPs. This is because without such a post-
polymerization, the PNIPAM ligand coating can be easily disassoci-
ated from the surface of Au NPs in CHCls, rendering permanent
trapping of Au NPs in CHCl; phase even if the temperature drops
below the LCST (SI-Fig. S4). The CHCl; phase appears pink red after
the temperature rises to 45 °C (Fig. 1b-ii). The particles’ hydrody-
namic diameter measured in aqueous phase (23 + 1 nm) is slightly
larger than that measured in CHCl; phase (22 + 1 nm), which is
mainly due to the better swelling of PNIPMA shells in water
(Fig. 1c). The post-polymerized PNIPAM shell thickness is ~4 nm
as indicated by the TEM image (Inset of Fig. 1c), which agrees with
the hydrodynamic diameter. Cooling the temperature back to 25 °C
leads to micro-phase separation in CHCl; with appearance of
cloudy pink (Fig. 1b-iii), which however takes a long time (greater
than 90 min) to switch back to clearance (Fig. 1b-iv). Microscopic
observation of this cloudy mixture shows dispersion of water
microdroplets (5-10 pm) containing Au NPs, which is temporally
stabilized by PNIPAM (Fig. 1d). As this reverse emulsion is thermo-
dynamically unstable, they tend to merge and migrate to the main
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water droplet. As a result, the CHCl; becomes clear again. If the
main water droplet is removed before cooling, the hydrophilic
Au@PNIPAM NPs have to aggregate in CHCl; phase to minimize
the surface to volume ratio. As such, a redshift of plasmon is
observed (SI-Fig. S5). This reversible color switching phenomenon
indicates the transfer of Au NPs between CHCl; and interface
(Fig. 1b).

To further characterize its reversibility, we monitor the extinc-
tion spectra change of the CHCl3 phase during the phase transfer
process (Fig. 2). The plasmon peak at 531 nm emerges in the first
3 mins’ heating (as indicated by the red arrows in Fig. 2a), which
suggests the Au NPs are gradually diffused into the CHCl;. When
the temperature cools down to 25 °C, the CHCl; phase turns cloudy
and the extinction spectra are dominated by the scattering of
emulsion, from which we cannot resolve any plasmon peak (as
indicated by the blue arrow in Fig. 2a). This cloudiness in CHCl3
phase persists for about 1.5 hr before it disappears (Fig. 2b), which
is due to the slow kinetics of de-emulsification. After this de-
emulsification, the plasmon peak can be resolved again but with
much weaker intensity (SI-Fig. S6), which suggests most of the
Au NPs are transferred back to the water/CHCl3 interface. The
whole transfer process can be reversible for many times (Fig. 2c,
d), but it appears some residue Au NPs are still in CHCl3 phase after
each cycle as suggested by the weak intensity in the extinction
(Fig. 2c). This residue amount is stable after a few cycles and we
take account of this portion of extinction when quantifying the
extraction efficiency in later section.

3.2. The mechanism

The change of interfacial energy of Au@PNIPAM NP between
water and CHCl; is crucial for the reversible phase transfer process
(Fig. 3a). In the cold state, due to the hydrophilic nature of PNIPAM
coating, the Au@PNIPAM NP has a contact angle smaller than 90° at
the interface. When the temperature rises above the LCST, the
dehydration of PNIPAM chains increases the contact angle between
Au@PNIPAM NP and water, and the overall surface tension drags
the Au@PNIPAM NP into the CHCl; phase, leading to phase transfer.
When the temperature cools down again, the PNIPAM chains in
CHCI; tend to interact with water molecules that dissolved in
CHCl; via hydrogen bonding, which forms reverse emulsion. It is
clear that the water droplets function as the reservoir of water
molecules for the reverse emulsification in CHCl; as no such a
reverse emulsion appears if the water droplet is removed before
cooling (SI-Fig. S5).

Such reverse emulsification with Au@PNIPAM NPs is not ther-
modynamically favorable as small droplets tend to merge into big-
ger ones to reduce their surface to volume ratio. The kinetic stable
state however can be achieved with assistance of amphiphilic
(macro) molecules and colloids, forming Pickering emulsion [36].
Therefore, the switchable surface hydrophobicity of Au@PNIPAM
NPs is critical for such reverse emulsification process [37-39].
Lowering the temperature below the LCST decreases the water
contact angle on Au, thus allowing the formation of Pickering
emulsion, while increasing the temperature above the LCST results
in de-emulsification, which shows clear solution of CHCl; contain-
ing Au NPs (SI-Fig. S7). The Gibbs free energy change of the coales-
cence process can be calculated as [40]

AGeoq = 47'CR12’))OW(2 - 2%)(cos 6(cos 0+ 2)) (1)
where R, is the radius of the water droplet (~10 pm), y,,, is the
interfacial energy between water and CHCls, 0 is the contact angle
between water and Au NP. The energy diagram (Fig. 3b) suggests
the coalescence is energetically favorable when the contact angle
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Fig. 2. (a) Extinction spectra of Au NPs in CHCl; in one cycle of heating and cooling.
Inset is the scheme of extinction measurement. (b) Change of extinction intensity
(at 531 nm) with time. The light red and blue colors represent the heating and
cooling period, respectively. (c) Extinction spectra of Au@PNIPAM NPs in chloro-
form with 3 cycles of heating and cooling. (d) Change of extinction intensity with
time of temperature cycling. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

is larger than 90°, accompanied with the releasing of Au NPs in
CHCl3, which is supported by our experiment (SI-Fig. S7).

This phase transfer process is powered by phase change of PNI-
PAM, from which we can calculate the energy efficiency of this pro-
cess. Suppose the thermal energy raises the temperature around
the Au@PNIPAM NP with AT of 2 °C across the LCST, which leads
to the transfer of Au NP from the interface to oil phase driven by
the surface tensions. Thus, the thermal input (Q) and work (W) that
transfer the Au NPs from interface to CHCl; can be calculated with
formula

Q, = (CAumAu + Csolrrlsol)AT (2)

W = —AG = — (4110, — 2T (Gau-w + Oau-0)) 3)

where ca, and ¢y are the thermal capacity of gold and solvent
respectively, ma, and m, are the mass of gold and solvent layer
(~18 nm) [41]. Thus, the energy efficiency (W/Q) of this metallic
nanotransporter estimated from these formulas is ~1.4% (see SI
for detailed calculation).

b 15F Chloroform
(@) \ater water (), | o °
10 0 0% 0
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3.3. Molecular extraction assisted by Au@PNIPAM NPs

By repeated heating and cooling, the hybrid nanoshuttles trans-
fer back and forth between water/CHCl; interface and CHCI; bulk
phase, which can be utilized to boost the molecular extraction pro-
cess. Here we choose R6G as the model molecules for extraction
from aqueous phase to CHCl; phase. As the solubility of R6G mole-
cules in CHCI; is lower than that in water, the pollution remedia-
tion efficiency via conventional solvent extraction is low. The
difficulty can be overcome by decreasing the interfacial barrier.
Thus, we apply this reversible phase transfer system to help with
the extraction process. With cycles of heating and cooling, the
R6G molecules steadily increase their concentration in CHCl; phase
as suggested by the increasing intensity of their absorbance
(Fig. 4a). In the meanwhile, their absorbance in aqueous phase
decreases (Fig. 4b), suggesting the extraction is indeed happening.
However, without such metallic nanotransporters, the absorption
intensity only slightly increases after the same number of heating
and cooling cycles (SI-Fig. S8). This contrast experiment clearly
suggests the important role of Au cores for the R6G transportation,
which is likely because of their high adsorption for R6G molecules.
Such nanoparticle-assisted extraction obviously outperforms tradi-
tional solvent extraction method via physical agitation such as
shaking and sonication, which only shows absorbance of 0.2 (SI-
Fig. S9).

The advantage of this reversible phase transfer system is further
augmented by the fact that the metallic nanotransporters can be
recovered and reused after cooling and simple separation/purifica-
tion process (SI-Fig. S10).

3.4. Thermodynamic analysis of the NP assisted extraction process

The whole process of nanoparticle-assisted extraction of R6G
can be understood from thermodynamics and kinetics perspective
(Fig. 4d). In cold state, the Au@PNIPAM NPs situated at the water/
CHCl; interface adsorb the R6G molecules on their surfaces. When
the temperature increases above the LCST, the Au@PNIPAM NPs
along with the adsorbed R6G molecules are transferred into the
CHCl; phase. Then the R6G molecules are desorbed from Au NP
surfaces and diffuse into the CHCl5 to reach thermodynamic equi-
librium. When the temperature cools down, the Au@PNIPAM NPs
transfer back to the water/CHCl; interface for another round of
adsorption, transfer and desorption processes.

The reverse emulsification may also promote the extraction
process as it increases the interface areas. With cycles of heating
and cooling, the R6G molecules are gradually transported into
CHCl;3 by the Au NPs, which eventually saturates at ~60 pM

0 50 100 150
Contact angle (°)

Fig. 3. Mechanism of the nanoparticle phase transfer process and its energy profile analysis. (a) Scheme of the contact angle change at the interface of water, CHCl; and
Au@PNIPAM NPs. At the interface, when the temperature is below the LCST, the contact angle is ~90°. When the temperature rises above the LCST, the three phase contact
angle changes, and net surface tension draws the Au@PNIPAM NP into the CHCl; phase. ow_o, Oay_w, and g, o are the interfacial energy between water and CHCl5, gold and
water, gold and CHCl3, respectively. (b) Gibbs free energy change of the microdroplet at different contact angles of Au NPs and water. Inset shows the scheme of coalescence of

two droplets into one big droplet.
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phases with the cycle number. (d) Scheme of the nanoparticle-assisted extraction
process and Gibbs free energy change.

(Fig. 4c). Note that the initial R6G concentration in water phase is
~6.9 mM, and after normal solvent extraction process, the ideal
partition of R6G in CHCl; can reach above 60 uM. However, due
to interfacial barrier between water and CHCls [35], it is kinetically
unfavorable to reach such concentration. Such an interfacial barrier
can be overcome by the phase transfer of Au@PNIPAM NPs, which
‘catalyzes’ the extraction process (Fig. 4d).

The free energy change of the R6G extraction can be calculated

with AG = —RTIn(¥), where K and K are the distribution coeffi-

cient (B%b) of R6G without and with metallic nanotransporters.
[R6G]yy

The Gibbs free energy change of this extraction is —14.6 kJ/mol,
which is thermodynamically favorable but kinetically unfavorable
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as it has to overcome the interfacial energy barrier (E,) (Fig. 4d).
With the work of R6G adsorption, Au NPs transportation and emul-
sification, such an activation energy barrier can be satisfied, which
is followed by desorption and diffusion of R6G in CHCls.

This energy analysis is also supported qualitatively by the ab ini-
tio density functional theory calculations (see numerical results
shown in Fig. 5). Clearly, the energy of R6G in CHCl; phase
(State-I) shows lower energy level (AE = —1.65eV) than that in
water phase (State-III), which suggests it is indeed thermodynam-
ically favorable. The energy barrier (E;) for this extraction is ~4 eV
(Fig. 5b), which is approximately the work done by the Au NP
transportation.

4. Conclusions

In summary, we demonstrate a novel concept of molecular
extraction with the assistance of nanotransporters. These nan-
otransporters are made of Au@PNIPAM NPs, which transfer
between the water/CHCI; interface and CHCl; phase with the assis-
tance of PNIPAM phase change. With repeated transportation, the
cargo molecules (R6G) can be consecutively delivered from aque-
ous phase to CHCl3 phase, leading to much higher extraction effi-
ciency (5 times higher than that without nanotransporters). And
the energy efficiency for the nanotransportation is ~1.4%. We fur-
ther reveal the underlying mechanism from energy perspective.
Unlike previous strategy of nanoparticle-assisted extraction
[9,10], this nanotransportation system is more efficient and eco-
friendly with features of excellent reversibility and recyclability.
For future development, this nanotransportation system not only
can be applied for pollution treatment, but also can be used as a
new type of nanomachines that transport and deliver drugs into
the desired locations of the organs and tissues via hydrophobic
interactions [42,43] at the via hydrophobic interactions [44,45].
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