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Nanoparticles (NP) have widespread applications from sensing to drug delivery where much behavior is
determined by the nature of the surface and the resulting intermolecular interactions with the local
environment. Ligand mixtures enable continuously tunable behavior where both the composition and
morphology influence molecular interactions. Mixed ligand shells form multiple morphologies ranging
from Janus to patchy and stripe-like with varying domain dimensions. Solvent—NP interactions are gener-
ally measured by solubility measures alone. Here we develop a quartz crystal microbalance (QCM)
approach to more broadly quantify molecule—NP interactions via vapor phase uptake into solid NP-films
independent from solvation constraints. The composition and morphology of mixed ligand shells were
found to exhibit pronounced non-monotonic behavior that deviated from continuum thermodynamics,
highlighting the influence of ligand morphology upon absorption/adsorption. Alkyl and perfluorinated
thiols were used as a model case with constant core-size distribution. The ligand morphology was deter-
mined by *°F NMR. Molecule uptake into NPs was measured with five benzene derivatives with varied
degree of fluorination. For the cases examined, QCM measurements revealed enhanced uptake for
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patchy morphologies and suppressed uptake for stripe-like morphologies. These results contrast with
insights from solubility measures alone where QCM sometimes identified significant molecular uptake of
poor solvents. This QCM method thus provides new insights to molecule—NP interactions independent of
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Introduction

Nanoparticles (NPs) have gained widespread interest for a wide
array of applications’ such as chemical and biological
sensing,” drug delivery for nanomedicine,’ self-assembly, and
removal of contaminants.>® The performance of a NP for an
application is largely influenced by its intermolecular inter-
actions with the local environment as determined by the char-
acter of the ligand shell. The ligand shell is the ultimate inter-
face of the NP with the outside world and thus governs inter-
actions with other objects. The properties affected by the
ligand shell thus range from solubility, to self-assembly, drug
delivery, biocompatibility, and targeted molecular uptake.
Mixtures of ligands have been shown to enable hybrid beha-
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viors, e.g. NPs with extensive hydrophobic or fluorine content
can exhibit solubility in water and other aqueous media.”®

The morphology of mixed ligand shells also significantly
modifies NP behavior. On flat substrates,’ ligand mixtures
phase separate to reduce the enthalpic interfacial area'® where
the surface tension has a monotonic dependence on the
ensemble composition.">* Here, the molecular environment
within each phase is identical to the mono-ligand film. Janus
NPs are analogously phase separated with ligand domains on
opposite sides of each NP, exhibiting a monotonic continuum
of behavior™® principally corresponding to the ensemble of two
mono-ligand environments. Due to high curvature, mixed
ligand NPs can also exhibit patchy and stripe-like ligand mor-
phologies when coupled with appropriate pairs of ligands
having different length.'* The lowest free-energy configuration
can promote mixed ligand interfaces to increase conformation-
al entropy of the longer ligand."® Here the longer ligands
explore additional conformational space when proximal to the
shorter ligands. This remarkable entropy-driven ordering™® is
widely documented to occur under specific conditions."”
Patchy and stripe-like NPs are dominated by the mixed ligand
interface and thus exhibit non-monotonic trends in behavior
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where the local molecular environment behaves distinctly
from the bulk ensemble. The changes in molecule-NP inter-
actions are not yet predictable a priori and are tedious to
measure where each molecule-NP interaction is tested indivi-
dually, typically with a solubility limit measurement.'®>° The
non-monotonic behavior exhibited by patchy and stripe-like
nanoparticles has been explained by a combination of cavita-
tion suppressing selective-solvent uptake or by confinement
enhancing solvent uptake into appropriately matched mole-
cular environments.'® Cavitation and confinement thus work
in opposing directions where the balance between the two
leads to variable non-monotonic molecule-NP behaviors.'® For
example, a recent report with mixed ligand amphiphilic NPs
having 67% hydrophobic ligand were most soluble in polar
alcohols and this alcohol solubility was reduced when increas-
ing the hydrophilic ligand content."®

NP saturation experiments with different solvents or sol-
vation conditions are widely used to quantify solvent-NP
interactions.”’ > In contrast, more general measurements of
molecule-NP interactions do not necessarily require a sol-
vation shell. For example, NP drug loading is a separate cri-
terion from solvation in the delivery medium. Here, we
develop a quartz crystal microbalance (QCM) method to quan-
tify molecule-NP interactions via vapor phase uptake into
solid NP thin films. QCM has previously been used on NP
films to monitor chemiresistence,> >’ detect
biomaterials,”®° and to analyze cellular interactions®' due to
its high sensitivity. The approach uses miniscule NP quantities
and can uniquely quantify molecule-NP interactions with non-
solvents. Here we examine a model system consisting of
1.8 nm gold NPs with a variable combination of short fluoro-
philic ligands and long lipophilic ligands that were expected to
form patchy and stripe-like ligand morphologies.** The mole-
cule-NP interactions were examined for a systematic series of
fluorinated benzene derivatives as a function of NP ligand
composition and morphology. Non-monotonic trends in
solvent uptake were correlated to the ligand shell mor-
phologies as a function of confinement and cavitation effects.

various

Experimental methods

Materials

Gold trichloride (99.9%) was obtained from Strem Chemical
and stored under inert atmosphere. o,o,a-Trifluorotoluene
(299%, TFT) and anhydrous iodine lumps (99.99%, under
argon) were obtained from BeanTown Chemical.
Tetrabutylammonium borohydride (>98%) and didodecyldi-
methylammonium borohydride (>98%) were purchased from
TCI America and stored under argon atmosphere before use.
Potassium thioacetate (98%), benzene (99%), and 1-dodecane
thiol (98%, DDT) were obtained from Alfa Aesar and used as
received. 1H,1H,2H,2H-Perfluoro-1-iodooctane iodide (>95%)
and 1,3,5-trifluorobenzene (97%) were obtained from Matrix
Scientific and used as received. Hexafluorobenzene (97%),
1,2,4,5-tetrafluorobenzene, and 1,4-difluorobenzene were
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obtained from Oakwood Chemical and used as received.
Chloroform-D (99.8%) and benzene-Dg were purchased from
Cambridge Isotope Laboratories Inc. and used as received.
Toluene (>99.5%) obtained from Fisher Chemical was sub-
jected to four cycles of freeze-pump-thaw and dried over mole-
cular sieves prior to use.

1H,1H,2H,2H-Perfluoro-1-octanethiol (PFOT) synthesis

In a round bottom flask, potassium thioacetate was combined
with 2-(perfluorohexyl)ethyl iodide in a 1.1:1 molar ratio
along with THF. A condenser was connected to the flask and
the reaction vessel was sealed and subjected to three cycles of
freeze-pump-thaw to remove excess oxygen. It was then filled
with inert nitrogen gas and heated for 5 h at 50 °C. The
product was collected through filtration and the excess THF
was removed by evaporation. The crude 1H,1H,2H,2H-perfluoro-
octyl thioacetate was purified through vacuum distillation at
70 °C, purity and structure was verified with "H NMR spec-
troscopy. To obtain the deprotected thiol the purified thioace-
tate was added to a flask charged with 90 mL of ethanol and
40 mL of concentrated hydrochloric acid. A condenser was
connected to the flask and the reaction vessel was sealed and
subjected to three cycles of freeze-pump-thaw to remove dis-
solved oxygen. The vessel was filled with inert nitrogen gas
and the reaction was heated for 13 hours at 90 °C. The crude
thiol was extracted three times with 100 mL of hexanes and
washed with 100 mL of deionized water and then dried over-
night with magnesium sulfate. The magnesium sulfate was
removed through filtration and the excess hexanes was
removed through evaporation before the crude thiol was puri-
fied through vacuum distillation. The final purity and struc-
ture was verified using "H NMR spectroscopy.

Amine-stabilized NP (Am. NP) synthesis

In an inert argon glovebox atmosphere, 90 mg of gold(u) chlor-
ide was combined with a 0.1 M didodecyldimethylammonium
bromide (DDAB) in toluene surfactant solution in a 125 mL
Erlenmeyer flask. The solution was gently stirred until the pre-
cursor dissolved turning the solution a dark orange color. To
this solution 216 pL of dodecylamine was added while stirring,
it was then stirred until the dark orange color turned to a
light-yellow. In a separate vessel 300 mg of tetra-n-butylammo-
nium bromide (TBAB) was dissolved in 12 mL of the 0.1 M
DDAB stock solution, the TBAB solution was then placed in a
syringe. Both the flask and syringe were sealed under argon
and taken out of the inert atmosphere. The gold precursor
solution was then stirred at 1500 rpm. Once the solution
reached 1500 rpm the TBAB solution was injected into the stir-
ring flask, it immediately changed from a light-yellow color to
a deep red. The resulting Am. NP solution was immediately
used for ligand displacement.

Ligand displacement procedure

In a typical procedure, a premade ligand solution containing
the desired ratio of DDT/PFOT was injected added to the Am.
NPs immediately after synthesis. For mixed ligand NPs, the

This journal is © The Royal Society of Chemistry 2018



Published on 01 October 2018. Downloaded by University of South Carolina Libraries on 10/18/2018 2:48:57 PM.

Nanoscale

premade ligand solution was kept at a 1:1 total thiol: gold
molar ratio and the proportion of each ligand in the solution
was adjusted based on the desired shell composition. Post
injection, the AuNPs were stirred for fifteen minutes at room
temperature and then boiled at 120° C for 20 min for the
thiols to displace the dodecylamine ligands. Post boiling, the
NPs were immediately washed six times using four toluene
washes and two a,o,o-trifluorotoluene (TFT) washes to remove
excess surfactant and excess ligands. After the washing cycles
were complete, the particles were collected by centrifugation
from methanol and stored as a powder. The resulting NP
batches were termed XxF according to the final ligand shell
composition, vide infra, where the NPs had x mol% PFOT.

NMR experiments

"H NMR experiments were carried out on a Bruker Avance
III-HD 300 MHz. "°F experiments were catried out on a Bruker
Avance III-HD 400A MHz NMR. The 'H chemical shifts are
referenced to deuterated chloroform, while '°F chemical shifts
are referenced to TFT. An external reference of CFCl; was used
to shift-correct the '’F spectra to ensure correct peak
positioning.

NP purity was analyzed using "H NMR to determine the
presence of excess surfactant and unreacted ligand. A typical
procedure involved dissolving 5 mg of NPs in either deuterated
chloroform or TFT for the heavily fluorinated particles using
ultrasonic agitation. The composition of NP ligand shell was
measured after ligand stripping using I, decomposition. Here,
5 mg of NPs were dissolved in deuterated chloroform before
1-3 mg of metallic iodine was added. The solution was gently
mixed at 250 rpm using a shaker until complete dissolution of
the iodine occurred. It was then allowed to sit overnight to
ensure complete disulfide formation. The black precipitate
and iodine was removed, and the disulfides were measured
using 128 scans on the 'H NMR. The ligand morphology was
determined using '’F NMR measurements with 5 mg of NPs
were dissolved in a mixture of TFT/C¢Ds (97/3 wt%). The
particles were dispersed with a bath sonicator and were
scanned using a 100 ppm window centered at —100 ppm with
256 scans.

Small-angle X-ray scattering (SAXS)

X-ray experiments were conducted using a SAXSLAB Ganesha
at the South Carolina SAXS Collaborative. A Xenocs GeniX3D
microfocus source was used with a Cu target to generate a
monochromated beam with a 0.154 nm wavelength. The
instrument was calibrated using National Institute of
Standards and Technology (NIST) reference material 640c
silicon powder with the peak position at 20 28.44 where 26 is
the total scattering angle. A Pilatus 300 K detector (Dectris)
was used to collect the two-dimensional (2D) scattering pat-
terns. Solutions were prepared by diluting the NPs to ~1 wt%
to avoid structure factor contributions. NP solutions were
measured within sealed glass capillaries. A blank sample
consisting of a capillary with only toluene/TFT was measured
under the same conditions for background subtraction. SAXS
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data were acquired for 30 minutes at room temperature with
an X-ray flux of 21.4 M photons per second incident upon the
sample and a sample-to-detector distance of 425 mm. Data
were processed using SAXSGUI and custom MATLAB scripts.
The scattering form factor was fitted as a Gaussian number
average distribution of hard spheres with a 25% standard devi-
ation, determined by fitting several samples with the statistical
spread as an independent variable. This constraint was needed
to prevent irrational fit convergence.

Vapor swelling chamber

The vapor chamber was built in house using a bubbler
mounted in a water bath to maintain constant temperature. A
dry air line with a flow controller was plumbed into the
bubbler to generate vapor at a fixed rate of 27 mL min~"'. The
same flow was also used as a purge line after bypassing the
bubbler. The output line was directed into a large temperature-
controlled oven set to 35 °C containing a long copper coil to
equilibrate the vapor temperature before directing the gas
phase into a 0.2 L glass chamber housing the QCM crystal.
The exhaust line was plumbed from the glass chamber into a
fume hood. Glass and metal connectors were used as much as
possible to eliminate diffusive uptake of solvents into plastics.

Quartz crystal microbalance measurements

Quartz crystals with 6 MHz resonance frequency were used. NP
films were spin coated at 5000 rpm from 1 wt% solutions onto
QCM crystals. The crystal was then measured using a Colnatec
Phoenix head and a Colnatec Eon-LT monitor. RC cut QCM
crystals were chosen to minimize temperature effects. Each
measurement started with a system purge of dry air at the
same flow rate of 27 mL min~" followed by vapor exposure
until the film reached equilibrium, ranging from
25-50 minutes. Following exposure to each solvent, the crystal
was again subjected to a purge to remove physiosorbed solvent
and restore the baseline QCM frequency. The changes in QCM
resonant frequency were recorded 5 times per second. The fre-
quency decrease corresponding to mass uptake was found to
equilibrate with a single exponential decay. All data were
measured for at least 1.8 times the fitted time constant (>83%
progress towards equilibrium) to yield the equilibrium mole-
cular uptake. The resulting frequency data was analyzed using
custom MATLAB R2016b scripts. The changes to QCM res-
onant frequency were converted to the corresponding mass
change using the Z-Match method:

Ay = 9 Pa apt (z . tan(%)) =gem™?

T on-z-fi 0

where A,, is the change in mass (g cm™?), vq is the frequency
constant (333600 cm s~ '), pq is the density of quartz (2.648
g ecm™Y), Z is the Zfactor (1 for mass loadings less than
10-20% frequency shift), f; is the final resonant frequency,
and f, is the initial resonant frequency. The NP-film mass
(¢ ecm™2) was determined by using the resonant frequency of
the bare QCM as f, and the resonant frequency with the
NP-film as f;. The molecular mass uptake (g cm™?) was deter-
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mined similarly by using the resonant frequency of the NP-
film as f; and the resonant frequency with the NP-film under
saturated vapor as fj. Statistical uncertainty was determined
either with repeated measurements or estimated as 10% of the
nominal value.

Calculation of solvent-NP interaction

The molecule-NP interaction was compared for each solvent
as a function of the NP ligand shell. The molecular uptake for
each film was normalized by the NP film mass to yield com-
parable relative extents of uptake. The ratio of (Zmolecule cmfz)/
(gaim cm™?) yielded Zmolecule/Eaim. The vapor pressure was
maintained constant for each solvent since the molecular
uptake mass (Zmolecute) i dependent upon vapor pressure.

Ligand surface density calculations

The ligand surface density for NPs was determined using a
combination of UV-Vis and quantitative "H NMR. The concen-
tration of the gold NPs was analyzed using a Shimadzu
UV-2450 Spectrometer over an absorbance range of 600 to
400 nm. Samples were prepared at approximately 0.2 mg of
NPs per 1 mL solvent and placed in a fused quartz glass
cuvette with a 1 cm pathlength. The concentration was calcu-
lated using Lambert-Beer law using the absorbance at 508 nm
and the extinction coefficient based on the known NP dia-
meter. The extinction coefficients were calculated using the
constants k (3.32111) and a (10.80505).*

The ligand concentration was quantified after iodine
decomposition using "H NMR spectroscopy with an internal
standard of known concentration. Here the ratio of the
internal standard (1,4-difluorobenzene) to the ratio of the a H1
peaks of each ligand were used to quantify the concentration
of each ligand as detailed elsewhere.** Todine decomposition
was carried out by adding 1-3 mg of metallic iodine to the dis-
persed NPs, the particles were left to decompose for at least
12 hours to ensure complete disulfide formation leading to a
color change from deep red to clear violet. After twelve hours
the black precipitate was filtered off and the solution was
taken for 'H NMR analysis.

Results and discussion
Preparation of mixed-ligand NP

A range of mixed ligand NPs were synthesized under con-
ditions expected to form patchy and stripe-like ligand morpho-
logies. The formation of these morphologies are attributed to
ligands with different lengths on a NP of suitable curvature,
e.g. generally ~2-8 nm in diameter.>*° A recent experimental
and computational study examined mixtures of fluorophilic
and lipophilic ligands on 2-4 nm gold NPs where the length of
the ligands were varied across a wide composition range to
determine the impact on ligand morphology.** Janus regions
were observed if the ligands had similar length. The flexible
lipophilic ligands needed to be >4-6 carbons longer than the
stiff fluorinated ligands to form patchy or stripe-like
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morphologies. The morphologies were mapped for patchy
(0-30 mol% fluorinated and 60-100 mol% fluorinated) and
stripe-like (30-60 mol% fluorinated) morphologies. These
prior works®® suggest that our selection of DDT and PFOT
(4 carbon difference) with 1.8 nm diameter Au NPs will yield
patchy and stripe-like ligand morphologies.

Mixed ligand NPs were prepared using standard methods.
Murray et al®*’ developed a method for mixed ligand NPs
using a post-synthesis ligand exchange. This process was later
expanded to displace weakly bound amine or phosphorous
ligands with stronger binding thiol ligands.?® The first stage of
a ligand displacement involves competitive binding where
molar excess or differential binding strength result in preferen-
tial deposition of the new ligand(s). With mixed ligands, the
next stage is the evolution of the ligand shell morphology via
continuous ligand exchange with the solution. The desorption/
binding rates as well as the chemical dissimilarities establish
the timeframe for this process.*® The NP core size is thus con-
stant and is decoupled from the final ligand chemistry®®*°
(Fig. 1). Our synthesis used a procedure for aminated <5 nm
(ref. 40) Au NPs followed by amine displacement with
lipophilic DDT and fluorophilic PFOT ligands. The NP
behavior followed broad expectations where PFOT-rich NPs
precipitated from toluene whereas DDT-rich NPs were toluene

R1
R1 R1
R1
R2 R2 R3
R2 R2 R3 R3 R3
R2 R3 R3
Rz-philic Tunable Compostion Rs-philic

Janus

Patchy
Tunable Morphology

Stripe-Like

Fig. 1 NPs with mixed ligand shells can have variable composition and
ligand morphology. Displacement of weakly bound ligands (Ry) with
strong binding ligands (R, Rs) yields systematic NP series with constant
NP core size distribution and variable ligand shells.
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soluble. SAXS was used to confirm the NP size distributions.
Comparison of the Am. NPs to ligand displaced NPs resulted
in similar scattering curves with the nearly identical g-posi-
tions for local minima and maxima (Fig. 2). Each dataset was
well fitted using a hard sphere form factor with a Gaussian
size distribution. The results indicated nominal NP diameters
from 1.7-2.1 nm, with some minor differences between the
converged fits (Table S1}). Thus, ligand displacement was
shown to not significantly alter the NP core size distribution
and thus morphology changes are not due to significant size
NP changes.

The resulting mixed ligand NPs were rigorously purified
before determination of the ligand surface density and compo-
sition. The synthesis solution contained a surfactant to
improve NP solubility, however residual surfactant would influ-
ence subsequent measurements of molecule-NP interactions.
The NPs were thus purified with iterative dispersal/precipi-
tation cycles. The solubility of the NPs changed markedly with
the cleaning steps as well documented before.*"*> NMR
spectra after six wash cycles were without sharp peaks associ-
ated with free-ligand or surfactant (Fig. 3). An aliquot of the
mixed ligand NPs was then striped of ligands using metallic
iodine to improve quantification of the formerly-bound ligand
population (Fig. 4). The ratio of bound ligands was fully
tunable from 0-100 mol% PFOT with minor deviation
from the exchange solution composition (Fig. 5 and
Table S2f). A non-convolved internal standard (1,4-difluoro-
benzene) was included in the same ligand stripping experi-
ments to determine the ligand surface concentration. A fringe
benefit of the chosen internal standard is that it also improves
NP solubility. Comparison of the ligand concentration to the

-4
8><10
> Am. NP G 0O
7} ° OF NP g 00 To
© 52F NP

6 100F NP

0.25 0.3

0.1 0.15 0.2
q (nm™)

Fig. 2 Porod plots of aminated, OF, 25F, 52F, 100F NP solutions. Data
points and best-fit lines are indicated. Scattering data were scaled for
clarity.
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Fig. 3 NMR of the ligated nanoparticles after washing showing the
absence of free ligand. Reference spectra for the pure DDT and PFOT
thiols are presented. *TFT added for solubility. The NPs were named by
the mol% of PFOT in the DDT/PFOT ligand shells, see Fig. 4.
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Fig. 4 The NP bound ligand composition was measured by NMR after
ligand stripping with iodine, resulting in the corresponding disulfide
mixtures.

NP concentration determined by optical absorption experi-
ments yielded the surface ligand density. The ligand surface
density for all mixed-ligand NPs examined were within the
range of 1-5 # per nm?, consistent with similar reports of NPs
without detectable free-ligand** (Table S27). A series of puri-
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Fig. 5 Correlation of ligand exchange solution composition to the
composition of bound ligands on nanoparticle surfaces (DDT and PFOT
ligands).

fied DDT/PFOT mixed ligand NPs were thus prepared with con-
stant size distribution.

Determination of ligand morphology by °F NMR

Numerous methods can determine the morphology of mixed
ligand NP shells. Common methods include NMR,**** mass
spectroscopy,*® Scanning  Tunneling  Microscopy,*®
MALDI-TOF,*® UV-Vis paired with Cryo-TEM,*” Electron Spin
Resonance,® Infrared Spectroscopy paired with STM,*® and
contact angle measurements.’® Here we used the method
developed by Pasquato et al. to determine the mixed ligand
morphology using trends in 'F NMR chemical shifts. The
method was demonstrated with similar fluorophilic/lipophilic
ligand mixtures and was supported by computational predic-
tions.*> By using '°F NMR, which has high sensitivity due to
the large chemical shift range, small changes in the local
environment result in larger chemical shifts. If a ligand is sur-
round by identical neighbors, similar to a mono-ligand film,
then the chemical shift is insensitive to composition changes.
Interfaces of different ligands have a different chemical shift
where the extent of the shift is a weighted average of the local
ligand environments. Distinct trends in chemical shift with
ligand composition are anticipated for different sequences of
ligand morphologies. Linear decays, exponential decays, and
sigmoidal decays were previously correlated to random
packing, patchy/Janus, and patchy/stripe-like morphologies,
respectively. The '"F NMR measurements of both the CF;
group centered near ~80 ppm and the CF, group centered
near ~127 ppm both exhibited sigmoidal trends in chemical
shift with ligand composition for the synthesized NP series
(Fig. 6). Both curves exhibit similar trends in the chemical
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Fig. 6 Trends of °F NMR chemical shift for —CF3 (a) and the 7th —CF,—
(b) on PFOT as a function of NP ligand composition (DDT/PFOT). A sig-
moidal guide line is presented. Interpreted transitions in ligand mor-
phology are indicated with dashed drop lines.

shift decay suggesting transition from patchy to stripe-like to
patchy morphologies, similar to analogous NP preparations.*>

QCM quantification of molecule-NP interactions

A custom QCM apparatus was constructed to quantify mole-
cule-NP interactions. Each NP-film was prepared directly on a
quartz crystal by spin coating NP solutions. The NP-film was
subsequently exposed to solvent vapor and the mass uptake
was quantified by the shifting resonant frequency of the
quartz crystal. An advantage of QCM is rapid real-time feed-
back with high mass-resolution, the use of minute NP quan-
tities, and the ability to measure molecule uptake without
requiring a solvation sphere. Early experiments guided our
selection of films that were approximately 60 nm thick or less
to minimize diffusion time. This thickness was consistently
achieved by using a 1 wt% NP solution and a spin speed of
5000 rpm for an even, thin film on the crystal surface. Slower
spin speeds (<2000 rpm) resulted in >100 nm thick films with
excessive equilibration times. For typical experiments, the fre-
quency response to vapor was exponential with a time constant
that ranged for each film from 8-14 minutes. A typical uptake
experiment is shown in Fig. 7b. Comparison of the molecule
mass uptake to that of the NP-film thus quantifies the relative
extent of uptake. The experiment is easily extendable by exam-
ining multiple molecule vapors sequentially (Fig. 7c). Typical
experiments yielded 10-35% molecule mass uptake relative to
the film mass. Repeated measurements exhibited 2-10% vari-
ation of the absolute uptake values, Table S5.f The complete
vapor series for each particle composition can be found in the
ESI (Fig. S4-117). The effect of ligand morphology on mole-
cular uptake are presented next by comparison of the QCM
response of NPs with different mixed ligand compositions.

Correlation of ligand morphology to molecule-NP interactions

The simplest approach for series comparisons of molecule-NP
interactions is with variable NPs and constant molecule vapor.
This eliminates the need to quantify and vary the vapor
pressure for direct molecule comparisons.”® A distinct benefit
of our QCM method is the quantification of molecule-NP

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (a) Scheme of QCM setup with controlled solvent vapor. (b) A
characteristic vapor response curve for the OF NP film with 1,4-difluoro-
benzene where the shaded region represents the solvent uptake. (c) A
sequential series of solvent measurements for a OF NP film with
benzene, 1,4-difluorobenzene, 1,3,5-trifluorobenzene, 1,2,4,5-tetra-
fluorobenzene, and hexafluorobenzene vapor, respectively.

interactions for non-solvents. The systematic series of mixed
ligand NPs prepared above are ideal candidates for the devel-
opment and testing of this new QCM based approach to probe
for non-monotonic trends in molecule-NP interactions with
changes to the ligand composition and thus ligand mor-
phology. Our synthesis strategy notably eliminates the nano-
particle size distribution as a variable by using a ligand
exchange strategy. Recent experimental and computational
work coupled with our ’F NMR measurements suggests a
sequence of patchy and stripe-like morphologies here.

First, the uptake of benzene vapor was systematically exam-
ined using a range of NP surface compositions (Fig. 8). NPs
with only DDT ligands up took 15 wt% benzene mass and NPs
with only PFOT ligands up took 11 wt% benzene mass. These
two extreme points constrain the possible trajectories for
monotonic behavior trends to be in intermediate to these two
values. The NPs used here with stripe-like morphologies
(39-59 mol% PFOT) exhibited reduced solvent uptake relative
to the two mono-ligand cases, indicative of molecular cavita-
tion. In contrast, the NPs used here with patchy morphologies
(both PFOT-poor and PFOT-rich) exhibited markedly enhanced
uptake, indicative of molecular confinement. For example, the
20F NPs up took 28 wt% benzene, a ~2x increase relative to
the OF NPs despite the addition of a fluorophile. Clearly, the
molecule-NP interaction is sensitive to the character of the
ligand morphology. We note that °F NMR of 31F was at a tran-
sition between patchy and stripe-like morphologies and was
thus excluded from discussion of generalized trends due to

This journal is © The Royal Society of Chemistry 2018
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ambiguity. The trends in uptake may be attributed to the
nominal dimension of the ligand domains, increasing when
transitioning from stripe-like to patchy morphologies.
Molecular confinement, e.g. within the gaps between the short
and tall ligands, requires that the ligand domains accommo-
date both the molecule functionality and dimensions. This
was rationalized with a confinement argument in a prior
study.’® An interesting feature is that even the 100F NPs with
mono-ligand PFOT up took 11 wt% benzene; this interaction
of benzene would be missed by solubility measurements alone
as the 100F NPs are nearly insoluble in benzene. This marked
difference between solubility measurements and QCM solvent
uptake exhibit the distinction between molecular uptake and
the capability to form a favorable solvation shell. Thus, QCM
enables additional insights to quantify molecule-NP inter-
actions independent of solubility.

Next a systematic series of benzene derivatives were exam-
ined with variable extent of fluorination to determine the
effect on overall molecule-NP interactions. The derivatives
included 1,4-difluorobenzene, 1,3,5-trifluorobenzene, 1,2,4,5-
tetrafluorobenzene, and hexafluorobenzene and were deliber-
ately selected without permanent molecular dipoles. Each
solvent was examined across the same series of NP compo-
sitions and morphologies as above with benzene (Fig. 9 and
Table S37). Analogous behavior to benzene was found in all
cases where (1) relative to the mono-ligand cases, the patchy
NPs exhibited enhanced uptake corresponding to confinement
effects and (2) relative to the mono-ligand cases, the stripe-like
NPs exhibited reduced solvent uptake corresponding to cavita-
tion effects. Similarly, large changes in nanoparticle solubility
by 230-250% were reported for minor composition changes of
mixed ligand shells from 8-17 mol%.' These generalized
behaviors for the aromatic molecule series suggests an impor-
tant role of the relatively constant molecular shape, size, and
presence of the aromatic ring. As expected with a like-dis-
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solves-like argument, the OF sample exhibited more uptake of
benzene than the 100F, whereas the 100F exhibited more
uptake of highly fluorinated (low Hildebrand parameter)
benzene derivatives (Fig. 10). These results are consistent with
ESR measurements performed on fluorinated mixed ligand
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Fig. 10 Comparison of different benzene derivative uptakes into the OF
and 100F NP films. The Hildebrand solubility parameter for each
benzene derivative is used for the x-axis. Comparisons of OF and 100F
NP films are implied, whereas comparisons between particular mole-
cules also include changing vapor pressure.
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NPs in which the monolayers had much stronger binding
affinity to highly fluorinated probes compared to the non-
fluorinated counterpart.”® The favorable interaction of PFOT
with fluorinated benzene derivatives may be due to either a
reduced difference in relative polarizability (dispersion forces)
or possibly the presence of weak halogen bonding. Other
studies have shown that weakly attractive interactions exist
between fluorinated alkanes and electron deficient aro-
matics.>*>* QCM thus quantifies non-monotonic trends for
molecule-NP interactions that are influenced by possible con-
tributions from size/shape, ligand morphology, and chemical
nature. This QCM methodology will enables future studies of
structure-property relationships for molecule interactions with
mixed ligand NPs. This capability is crucial to support further
investigations into the molecular mechanisms.

Conclusions

A method to quantify mixed ligand shell molecule-NP inter-
actions was developed that is independent of solvation criteria.
A QCM apparatus was used to measure the vapor phase uptake
of molecules into solid NP thin films. A series of mixed ligand
NPs with constant size and variable PFOT/DDT composition
were prepared and were confirmed by '°F NMR to have a range
of ligand shell morphologies. The NPs uptake was measured
with a systematic series of fluorinated benzene derivatives. The
relative mass uptake was non-monotonic with NP ligand shell
composition in all cases. For the cases examined, patchy
ligand morphologies were found to exhibit more molecule
uptake than either stripe-like or the analogous mono-ligand
NPs. This enhanced uptake was attributed to confinement
effects. In contrast, stripe-like morphologies exhibited
decreased molecule uptake relative to the mono-ligand NPs,
consistent with cavitation effects. These results highlight the
role of ligand shell morphology on molecule-NP interactions.
Notably the technique enabled measurements with non-sol-
vents. The ability to measure interactions without a solvation
shell leads to a more complete understanding of molecule-NP
interactions.
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