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ABSTRACT: In this work, we study the use of initiated chemical vapor
deposition in conjunction with liquid scaffolds to deposit polymer
canopies onto structured surfaces. Liquid is applied to micropillar and
microstructure surfaces to act as a scaffolding template such that the
deposited polymer films take the shape of the liquid surface. Two
methods for directing the location of the scaffolding liquid were
examined. In the first method, high surface tension liquids rest in a
Cassie−Baxter state over the structured surfaces, allowing for control
over the canopy location and size by varying the position and volume of
the liquid. In the second method, the structured surfaces are inverted
onto a thin layer of low surface tension liquid, allowing the coverage and
height of the canopy to be controlled by varying the area and thickness of the liquid layer. Although the canopies demonstrated
in this study were fabricated using initiated chemical vapor deposition, the generality of our scaffolding method can easily be
translated to other vapor deposition processes.
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■ INTRODUCTION

Modifying surfaces with polymers can provide desirable
functionalities such as antimicrobial properties,1 biocompati-
bility,2 and environmental responsiveness.3 Applying polymers
to the surfaces of complex geometries such as trenches and
pores can allow the effects of the functionality to be enhanced
by the greater surface to volume ratio. For example, electrospun
fiber mats can be coated with polymer to make super-
hydrohyphobic surfaces,4 microtrenches can be modified to
immobilize nanoparticles,5 and porous media can be coated to
facilitate the separation of analytes6 and to control drug
delivery.7

Chemical vapor deposition is an attractive option for forming
coatings on complex geometries due to numerous advantages
derived from its solventless nature. In contrast, typical solution-
based coating processes such as spin coating and spray coating
are subject to surface tension effects,8 ultimately limiting their
application on complex geometries. Many chemical vapor
deposition techniques have been used to produce functional
polymer coatings such as plasma enhanced chemical vapor
deposition9 and oxidative chemical vapor deposition.10 One
specific technique that has seen recent advancement is initiated
chemical vapor deposition (iCVD). The iCVD technique is a
solventless vacuum process that forms polymer coatings
directly onto substrates. In this process, monomer and initiator
molecules are flown into a reactor chamber where the initiator
comes into contact with a heated filament array, which
decomposes the initiator into radicals. These radicals can
then adsorb onto the surface of the substrate and react with
adsorbed monomer to initiate free radical polymerization. The

iCVD process has been used to produce functional coatings
that lead to the biocompatibility of medical implants11 and
facilitate the separation of molecules.12,13 Additionally, the
iCVD process can be used to apply conformal coatings onto
complex geometries such as porous media,12−14 micropillar
arrays,15 and forests of carbon nanotubes with diameters on the
order of hundreds of nanometers.16 The iCVD process has also
recently been used to deposit polymers onto low vapor
pressure liquids such as ionic liquids and silicone oils to expand
the structural control of polymer deposition to include free-
standing films,17 gels,18 particles,19 gradient films,20 and
microstructured films.21

In this study, we explore a liquid scaffolding technique that is
used in conjunction with the iCVD process to fabricate
polymer canopies onto complex geometries. We demonstrate
the capabilities of this technique by directly depositing a variety
of polymer canopies over micropillar and microstructure arrays.
Unlike previous demonstrations of using liquids with the iCVD
process, the liquid scaffolding technique focuses on using the
liquid as a template which simultaneously masks the surface
while providing structural support for the deposited polymer.
After the polymer film is deposited, the liquid is removed to
reveal regions that were masked in the process as well as a
polymer film that retains the shape of the liquid surface. We
explore two methods, the Droplet Method and the Inverted
Method, for manipulating the scaffolding liquids such that a
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variety of polymer canopies can be made using a range of
liquids. Unlike physically placing a polymer film on top of the
substrate, our fabrication methods directly form canopies on
the surfaces allowing for better mechanical stability. Addition-
ally, the Inverted Method has the added capability of
controlling the height of the canopy relative to the substrate
features. The formation of polymer layers over complex
geometries is of interest in fields such as drug release, where
the polymer can act as a tunable gatekeeper.22−24 Additionally,
liquid scaffolding can potentially be applied to other geometries
such as microfluidic channels, allowing for the fabrication of
polymer membranes within the channels to extend their utility.
For example, polycarbonate membranes used within micro-
fluidic channels can prevent the cross-contamination between
two regions while allowing for the delivery of reactants across
the membrane.25 Although we only demonstrate a few
examples of liquid manipulation for generating scaffolding
templates, there are many additional strategies that can be
employed to control liquids on complex geometries, including
the controlled formation of microdrops on top of microposts,26

the controlled infiltration of liquid within textured surfaces,27,28

and the capillary rise of liquids between various pillar
geometries.29,30 Additionally, the methods presented are not
limited to iCVD systems since the generality of the strategy can
be easily translated to other vapor deposition techniques.

■ RESULTS AND DISCUSSION

Our group has previously demonstrated the ability to deposit
polymers onto low vapor pressure liquids using the iCVD
process.31,17−21 The surface interactions between the liquid and
the polymer determines the initial morphology of the deposited
polymer. The surface interaction can be quantified using the
spreading coefficient (S):

γ θ γ= * + −S (1 cos ) 2LV PV

where γLV is the liquid−vapor surface tension, θ is the
advancing contact angle of the liquid on the polymer, and γPV is
the polymer−vapor surface tension.32 When the spreading
coefficient is positive, it is energetically favorable for the
polymer to spread over the surface resulting in thermodynami-
cally stable films, whereas a negative spreading coefficient
represents systems where it is favorable for the polymer to
reduce contact with the liquid surface resulting in particles.
Additional work has demonstrated that it is possible to deposit
polymer films on liquids when the system spreading coefficient
is negative by using a cross-linker.21

We were able to control the fabrication of polymer canopies
on top of micropillar arrays by exploiting systems with positive
spreading coefficients or by using cross-linkers with systems
that have negative spreading coefficients. The fabrication was
performed by applying liquid onto the micropillar arrays and
then depositing a polymer film using the iCVD process. The
liquid acts as a scaffold, serving as a temporary supporting
template for the polymer to deposit onto so that upon its
removal, the polymer retains the shape of the liquid surface. We
focused on two methods for directing liquids on the pillars,
each having its own inherent advantages that allow for the
fabrication of canopies using liquids with either high or low
surface tensions. The Droplet Method (Figure 1a) exploits
liquids that rest in the Cassie−Baxter state on top of the pillars,
allowing the iCVD process to deposit a polymer film
underneath the droplet. This method typically requires liquids

with high surface tensions to generate the Cassie−Baxter state,
where the size of the canopy is dictated by the volume of the
liquid and the position of the canopy is dictated by the location
of the droplet. The Inverted Method (Figure 1b) utilizes the
inversion of pillars onto a thin layer of low surface tension
liquid such that the iCVD process deposits a polymer film in
the spaces between the pillars on top of the liquid. The height
of the canopy can be easily controlled using the Inverted
Method by altering the thickness of the liquid. Due to the ease
of generating thin layers of liquids over large areas, this
technique is preferred for fabricating canopies over larger areas.
When using the Droplet Method, it is critical to select

systems that allow the liquid to maintain a Cassie−Baxter state,
otherwise the liquid will penetrate between the pillars,
compromising the ability of the liquid to act as the desired
template for canopy fabrication. Many studies have docu-
mented the requirements for maintaining a Cassie−Baxter
state, where factors such as surface energy and surface
roughness have a major influence on droplet stability.33−36

Taking these factors into consideration, we chose 1-ethyl-3-
methylimidazolium tetrafluoroborate ([emim][BF4]) as our
scaffolding liquid because its high surface tension (55.6 mN/
m)32 allows it to easily exist in the Cassie−Baxter state on our
PDMS pillar array (height = 60 μm, diameter = 22 μm, and
pitch = 18 μm). Canopies were fabricated by applying a droplet
onto a pillar array followed by the deposition of a poly-
(1H,1H,2H,2H-perfluorodecyl acrylate-co-ethylene glycol dia-
crylate) (P(PFDA-co-EGDA)) copolymer coating (S = 18 mN/
m), resulting in the formation of a polymer film over the
exposed liquid and solid surfaces. Ethylene glycol diacrylate

Figure 1. Schematics showing the fabrication of polymer canopies via
(a) the Droplet Method and (b) the Inverted Method.
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(EGDA) was used to cross-link the polymer film to increase
mechanical strength. The thickness of the coating was 1 μm as
measured on a reference silicon wafer. The film residing on top
of the droplet was then peeled off with a pair of tweezers such
that a subsequent solvent wash removed the [emim][BF4],
leaving behind a P(PFDA-co-EGDA) canopy on top of the
pillar array. An example of a polymer canopy generated with a 5
μL droplet is depicted in Figure 2. SEM micrographs reveal that

the canopy forms at the upper rim of the pillars (Figure 2a),
leaving the tops of the pillars as native PDMS. A cross-sectional
SEM micrograph (Figure 2b) of the sample after it had been
cut with a razorblade confirms that the polymer forms a canopy
structure over the pillar arrays where the shorter pillars in the
front of the image are pillars with their tops severed during the
cutting process. A range of droplet sizes from 5 to 100 μL were
used to fabricate canopies of varying areas, where larger liquid
volumes yielded canopies with larger radii. Using [emim][BF4]
droplet volumes of 5, 10, and 100 μL, we were able to fabricate
canopies of approximately 2, 3, and 6 mm in diameter,
respectively. Droplet volumes much larger than 100 μL were
difficult to use due to the tendency of the droplet to roll off the
surface of the pillar array. The resultant canopies are depicted
in Figure 2c−e, where the insets show optical microscopy
images of the canopies. Figure 2e also demonstrates the ability
to selectively place the liquid droplets to pattern the location of
the canopies. In this case, we deposited the 10 μL droplets of
[emim][BF4] in a 2 × 2 array before depositing a P(PFDA-co-
EGDA) coating. After removing the liquid, the resultant
canopies remained at the locations once occupied by the
droplets.
The SEM images in Figure 2 show that the canopies are

wrinkled. We hypothesize that the wrinkled texture of the
canopies is due to anisotropic swelling, which has been shown
to be responsible for the wrinkling of other films that are
anchored to a solid.37 Our previous studies of iCVD
polymerization onto liquids have shown that there is only

surface polymerization in the cases where the monomer is
insoluble in the liquid, whereas there is both surface and bulk
polymerization in the cases where the monomer is soluble in
the liquid.31 Since 1H,1H,2H,2H-perfluorodecyl acrylate
(PFDA) is insoluble in [emim][BF4], whereas ethylene glycol
diacrylate (EGDA) is soluble in [emim][BF4], deposition of
P(PFDA-co-EGDA) on [emim][BF4] by iCVD results in the
formation of heterogeneous layered films, which was confirmed
in our previous work.38 During the deposition of polymer,
EGDA is able to absorb into the [emim][BF4] and polymerize
so that the resultant heterogeneous polymer film is composed
of a layer of P(PFDA-co-EGDA) and a layer of polymerized
EGDA containing integrated [emim][BF4]. After the washing
step, the removal of [emim][BF4] likely leads to a volume
change within the polymer matrix resulting in the wrinkling of
the canopy.
Energy dispersive spectroscopy (EDS) was used to character-

ize the compositions of the canopy and the tops of the pillars. A
scan of the canopy region showed an elemental composition of
66.6% C, 11.1% O, 17.8% F, and 4.5% Si. The high fluorine
content is attributed to the poly(1H,1H,2H,2H-perfluorodecyl
acrylate) (PPFDA) within the P(PFDA-co-EGDA) canopy,
while the silicon is attributed to the PDMS from the underlying
substrate due to the sampling depth of the analysis method
which can exceed 1 μm. In contrast, a scan of the top of the
pillars showed an elemental composition of 52.4% C, 18.1% O,
4.8% F, and 24.7% Si which is similar to the expected elemental
composition of PDMS (50% C, 25% O, 25% Si). The low
fluorine content and the relative decrease in oxygen content
relative to PDMS suggest that the canopy material exists in
small quantities on the top of the pillars. Since we have
previously shown that PFDA does not polymerize within the
bulk of [emim][BF4] due to insolubility,31 the fluorine content
is attributed to polymer which was displaced onto the pillar
surface during the washing step.
Fabricating canopies using the Droplet Method requires the

liquid scaffold to be in a Cassie−Baxter state, limiting the
selection of liquids to those with high surface tensions. High
surface tension liquids can make it difficult to fabricate canopies
over large areas since larger droplet volumes tend to roll off the
surface. Furthermore, the Cassie−Baxter state limits control
over the height of the canopy since the liquid is required to rest
on top of the pillars. In order to expand the viable liquids that
can be used to generate canopies and introduce a method of
control over the canopy height, we explored an alternative
strategy for manipulating the scaffolding liquid. In this second
method (Inverted Method), the pillars are inverted onto a thin
layer of liquid that was spin coated onto a silicon wafer before
applying the iCVD process (Figure 1b). A solvent wash was
then used to remove any remaining liquid, revealing a polymer
canopy. In contrast to the Droplet Method, the liquids used in
the Inverted Method have low surface tensions, allowing them
to be easily spin coated into thin layers. For this reason, we
chose silicone oil as our model liquid for the Inverted Method.
However, since silicone oil is chemically similar to our PDMS
pillar material, we precoated the pillars with 100 nm of PPFDA
to prevent any liquid from diffusing into and swelling the
pillars. PPFDA was selected because it has previously been
shown to act as an effective barrier coating against organic
liquids.39,13 Using precoated pillars with the Inverted Method,
we successfully fabricated P(PFDA-co-EGDA) (S = 13 mN/m)
canopies with a range of heights by spin coating liquid layers of
varying thicknesses. The thickness of the coating was 1 μm as

Figure 2. (a) Top down and (b) cross-sectional SEM micrographs of
P(PFDA-co-EGDA) canopies fabricated using [emim][BF4] with the
Droplet Method. SEM micrographs showing canopies made with (c) a
5 μL droplet, (d) a 100 μL droplet, and (e) 10 μL droplets in a 2 × 2
array. Optical microscopy images depicting each canopy are provided
as an inset in each image.
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measured on a reference silicon wafer. SEM micrographs of the
resultant canopies are shown in Figure 3 with heights of 58 μm

(Figure 3a), 50 μm (Figure 3b), and 46 μm (Figure 3c) with
cross-sectional views confirming the canopy structure of the
film. In comparison to the Droplet Method canopies, the
relative smoothness of the Inverted Method canopies is
attributed to the insolubility of either monomer within the
silicon oil, preventing the effects of anisotropic swelling. An
example of an optical microscopy image of the canopy with a
height of 58 μm is depicted in Figure 3d, demonstrating the
ability to fabricate canopies over large areas. Although the
depicted canopy has an approximate area of a square
centimeter, the method can easily be used to make larger
canopies by increasing the size of the pillar array and the area of
the liquid layer.
EDS analysis was performed on the canopy and the tops of

the pillars. A scan of the canopy region showed a composition
of 64.1% C, 12.8% O, 18.8% F, and 4.3% Si, which is consistent
with the Droplet Method canopy, where the high fluorine
content is attributed to the PPFDA within the P(PFDA-co-
EGDA) canopy and the silicon content is attributed to the
underlying PDMS substrate. A scan of the tops of the pillars
showed a composition of 56.5% C, 10.7% O, 7.3% F, and 25.5%
Si. As expected, there is a significant increase of silicon content
which suggests that the canopy does not form on top of the
pillar. The relative decrease in oxygen content and increase in
carbon and fluorine compared to native PDMS can be
explained by the 100 nm precoating of PPFDA which was
deposited onto the pillars prior to applying the Inverted
Method.
We have demonstrated thus far that canopies can be

fabricated using systems with positive spreading coefficients.
However, it may be desirable to fabricate canopies comprised of

polymers that yield negative spreading coefficients. Attempts at
fabricating canopies using systems with negative spreading
coefficients, such as poly(2-hydroxyethyl methacrylate) on
[emim][BF4] or silicone oil, were unsuccessful since the
polymer formed particles instead of a film at the liquid surface.
However, we were able to successfully fabricate canopies by
adding a cross-linker to these systems since the cross-linker can
covalently attach growing polymer chains as they deposit on the
liquid surface, leading to the formation of a film over the liquid
surface.21 Using EGDA as a cross-linking agent, we successfully
fabricated poly(2-hydroxyethyl methacrylate-co-ethylene glycol
diacrylate) (P(HEMA-co-EGDA)) canopies using both the
Droplet Method (S = −22 mN/m) and the Inverted Method
(S = −68 mN/m). SEM micrographs of the resultant
P(HEMA-co-EGDA) canopies with cross-sectional insets are
shown in Figure 4, parts a and b, respectively, where the height
of the Inverted Method canopy is 50 μm tall.

Micropillar arrays function well as a model substrate for
demonstrating the Droplet Method and the Inverted Method,
but either technique can easily be extended to other geometries.
In order to show this concept, we applied both methods on an
alternative geometry by converting the pillars into hierarchal
microstructures (Figure 5a) using a technique we have

previously developed.40 In this technique, we cast a solution
of poly(methyl methacrylate) in acetone onto the pillar surface.
Capillary forces produced from solvent evaporation bring the
pillars into contact forming microstructures which are then
stabilized by poly(methyl methacrylate) welds that form at the
interface between the pillars. The successful fabrication of
P(PFDA-co-EGDA) polymer canopies on these microstructures
using the Droplet Method and the Inverted Method are shown
in Figure 5, parts b and c, respectively, where the height of the
Inverted Method canopy is 46 μm tall.

Figure 3. SEM micrographs of P(PFDA-co-EGDA) canopies with a
height of (a) 58 μm, (b) 50 μm, (c) and 46 μm fabricated using
silicone oil with the Inverted Method, where cross-sectional depictions
are shown as insets. (d) An optical microscopy image of the 58 μm
canopy is also provided, demonstrating the large area of the canopy.

Figure 4. SEM micrographs of P(HEMA-co-EGDA) canopies
fabricated using (a) the Droplet Method and (b) the Inverted
Method, where insets show a cross-sectional view of each sample.

Figure 5. SEM micrographs of (a) PDMS microstructures stabilized
with PMMA, and P(PFDA-co-EGDA) canopies over microstructures
fabricated using (b) the Droplet Method and (c) the Inverted Method.
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■ CONCLUSIONS
We have demonstrated a novel scaffolding technique where low
vapor pressure liquids are used in conjunction with the iCVD
process to simultaneously act as a mask and temporary
supporting template which allows for the fabrication of polymer
canopies over micropillar arrays. Two strategies for applying the
liquid scaffolds were investigated: (1) the Droplet Method,
which uses high surface tension liquids, was used to tune the
size of the canopies by selectively controlling the volume of the
liquid droplet, and (2) the Inverted Method, which was used to
fabricate canopies with a range of heights over large areas using
thin layers of low surface tension liquids with varying
thicknesses. Systems with negative spreading coefficients that
would generally not yield successful fabrication of canopies
were overcome through the utilization of a cross-linker,
demonstrating that a range of polymer canopies can be
synthesized using either method. The generality of each
method was also shown by fabricating canopies over an
alternative microstructure geometry. Additionally, the methods
shown are not restricted to iCVD and can be translated to
other vapor deposition systems.

■ EXPERIMENTAL SECTION
[emim][BF4] (97%, Sigma-Aldrich), PFDA (97%, SynQuest), di-tert-
butyl peroxide (98%, Sigma-Aldrich), EGDA (97%, Monomer-
Polymer), silicone oil (1000 cSt, Sigma-Aldrich), 2-hydroxyethyl
methacrylate (98%, Sigma-Aldrich), trichloro(1H,1H,2H,2H-perfluor-
ooctyl) silane (97%, Sigma-Aldrich), glycerol (EMD Chemicals),
diiodomethane (99%, Sigma-Aldrich), methanol (Macron, absolute),
hexane (98%, Sigma-Aldrich), and poly(methyl methacrylate)
(500 000 MW, Varian GPC standards) were used as received without
further purification.
Micropillar arrays were fabricated by pouring Sylgard 184 mixed at a

base to cross-linker weight ratio of 10:1 into a master mold before
curing the mixture at 65 °C for 24 h. The mold was fabricated using
standard photolithography by spin coating SU-8 2050 photoresist
(MicroChem) before exposing it to UV light through an emulsion
transparency mask (CAD/Art Services, Inc.). Prior to molding PDMS
pillars, the mold was treated with trichloro(1H,1H,2H,2H-perfluor-
ooctyl) silane in a desiccator to reduce the adhesion of cured PDMS,
ensuring the easy release of the micropillar arrays. PDMS micro-
structures were self-assembled by pipetting 10 μL of a 0.5% w/w
solution of poly(methyl methacrylate) in acetone onto 0.7 × 0.7 cm2

PDMS pillar arrays and allowing the solvent to evaporate overnight
prior to use.
All polymer depositions were performed within a custom iCVD

reactor chamber (GVD Corp, 250 mm diameter, 48 mm height)
equipped with a nichrome filament array (80% Ni, 20% Cr, Omega
Engineering) maintained at 240 °C. Di-tert-butyl peroxide initiator
molecules were flown in at room temperature through a mass flow
controller at a rate of 1.0 sccm. All monomer inlet lines were heated to
temperatures 20 °C greater than the monomer temperatures to
prevent condensation within the lines. P(PFDA-co-EGDA) films were
synthesized by maintaining a pressure of 70 mTorr and a stage
temperature of 30 °C while heating the PFDA and EGDA monomers
to a temperature of 50 °C to achieve flow rates of 0.3 and 1.2 sccm,
respectively. P(HEMA-co-EGDA) films were synthesized by maintain-
ing a pressure of 50 mTorr and stage temperature of 25 °C while
heating the 2-hydroxyethyl methacrylate monomer to a temperature of
25 °C and heating the EGDA monomer to a temperature of 30 °C, to
achieve flow rates of 0.6 and 0.9 sccm, respectively. Each polymer film
was grown to a 1 μm thickness as measured on a reference silicon
wafer using an in situ 633 nm helium−neon laser interferometer
(Industrial Fiber Optics). Polymer canopies were imaged using a SEM
(Topcon Aquila) and a stereo microscope (National). SEM micro-
graphs were acquired using a 15 kV accelerating voltage on samples
that were sputter coated with platinum to prevent charging. EDS was

performed using a SEM (JEOL JSM-7001F) with an EDS detector
(EDAX Apollo X).

The [emim][BF4] used in the Droplet Method was evacuated for
24 h in a desiccator to remove residual water prior to dispensing it
onto PDMS micropillar surfaces using a micropipette. After depositing
the polymer coating, the polymer film residing on top of the
[emim][BF4] droplet was removed using a pair of tweezers to peel the
film off the liquid. The [emim][BF4] droplet was then removed by
submerging the pillars in a methanol bath for 15 min and allowing the
solvent to evaporate for 2 h before imaging.

The silicone oil heights used in the Inverted Method were obtained
by spin coating 1 mL of silicone oil (1000 cSt) onto a 3.5 × 3.5 cm2

wafer using speeds of 4000, 3000, and 2500 rpm with an acceleration
of 100 rpm/s for 30 s to obtain thicknesses that produced canopies
with heights of 58, 50, and 46 μm, respectively. After spin coating, all
silicone oil layers were allowed to rest on a hot plate set at a constant
temperature of 60 °C for 60 min to increase film uniformity. PDMS
pillars coated with PPFDA were then gently inverted onto the silicone
oil layers using a pair of tweezers and covered with a glass slide to
prevent the pillars from floating. The inverted samples were then
placed under vacuum using the iCVD reactor chamber where the
silicone oil was once again heated to 60 °C for an hour to reduce any
nonuniform wetting that may have occurred during the inversion of
the pillars onto the silicon oil. Afterward, the samples were cooled to
the appropriate reactor stage temperature for 20 min before depositing
a polymer coating. After the coating was applied, the PDMS substrates
were carefully removed from the silicone oil with a pair of tweezers
and submerged in hexane for 15 min to wash away any residual
silicone oil.

Spreading coefficients were calculated using a goniometer (Rame-́
Hart Model 290-F1) to measure advancing contact angles, equilibrium
contact angles, liquid−vapor surface tensions, and polymer−vapor
surface tensions. Advancing contact angles were measured using the
tilting base method. Liquid−vapor surface tensions were measured
using the pendant drop method, while polymer−vapor surface
tensions were calculated using the acid−base method with equilibrium
contact angles from water, glycerol, and diiodomethane. All measure-
ments were performed five times.
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