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Abstract

In order to prepare high-quality Langmuir films of two-dimensional materials it
is important to select a solvent optimized for both exfoliation and spreading at the
air-water interface. Whilst it is generally accepted that exfoliation and stabilisation
of two-dimensional materials is well-described using the Hansen solubility parameter
theory, a complementary description of solvent spreading behaviour is lacking.

To this end we develop an understanding of solvent spreading using a Hansen sol-
ubility parameter framework. Our model accurately predicts the behaviour of both
water-immiscible and water-miscible solvents in Langmuir film formation experiments.
We demonstrate that spreading behaviour can be modified by controlling the surface
pressure of the subphase using an amphiphilic species and accordingly utilise this ap-
proach to determine the maximum spreading pressure for a selection of solvents.

Ultimately, by building on this understanding we open up additional routes to
optimize the preparation of Langmuir films of two-dimensional materials and other

nanoparticles.
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Introduction

Langmuir film formation (combined with Blodgett or Schaefer deposition methods) has
emerged as an attractive method for preparation of large-area, particulate monolayer films of

* and other two-dimensional (2D) nanomaterials. These struc-

liquid-exfoliated graphene!”
tures have applications in functional coatings and thin-film electronics.

Generally, the Langmuir film preparation process involves spreading of a solvent-borne
dispersion of nanoparticles over a liquid subphase (often water). Provided the solvent is of
sufficiently low boiling point, it will evaporate leaving a film of isolated particles trapped
at the air-subphase interface. Conventional spreading solvents, such as chloroform, are
demonstrably poor exfoliating solvents for 2D materials due to high mismatches of both
surface tension (affecting exfoliation efficiency®) and solubility parameters (affecting sta-
bility and attainable concentrations®). Conventional spreading solvents tend to have low
boiling points and be water-immiscible. Moreover, powerful exfoliating solvents, such as N-
methyl-2-pyrrolidone (NMP), tend to be water-miscible and have high boiling points.® As a
result a number of recent reports turn to less orthodox Langmuir approaches, such as spread-
ing films from NMP dispersions®” (this relies on dissolution of the solvent in the subphase,
rather than evaporation). Attempts have also been made to use low-concentration acetone
dispersions of graphene.® Alternatively, dilution of NMP with chloroform has been used to
tailor the vapour pressure, boiling point, and concentration of the spreading dispersion.!
Finally, electrospraying has also been used as a method for delivering droplets of solvent
dispersions onto the subphase with high efficiency.” For nanomaterials such as graphene ox-
ide which have both hydrophillic and hydrophobic character, akin to amphiphilic molecules,
studies of interfacial assembly have shown that pH control is also required to promote proper
film formation. %! All approaches aim to achieve and deposit nanomaterial dispersions with
sufficient stability and material quality for preparation of high-quality and high coverage
Langmuir films, with minimal material loss into the subphase.

The influence of the spreading solvent used on monolayer properties has been previously



acknowledged. 1?13 In order to make an informed selection of solvent system for preparation
and deposition of nanomaterial films, it is crucial to understand the spreading behaviour of
the candidate solvents. In this paper we develop a model for understanding this behaviour in
terms of the Hansen solubility parameter theory. This understanding may be coupled with
existing work on the exfoliation of nanomaterials in order to achieve optimized conditions

for Langmuir film formation.

Results and Discussion

In order for a solvent to be used for Langmuir deposition on water, there are two conditions
which should be met. Firstly, in the particular case of water-miscible solvents,3® the solvent
droplets should be buoyant in the subphase such that they do not sink and dissolve. Secondly,
the solvent should spread on the surface of water. The former condition applies primarily
to experiments where one wishes to inject dispersions beneath the air-water interface!* (as
might be done in automated experiments). The latter condition is necessary in all cases to
maximise the area over which nanoparticles are spread in order to minimise reaggregation
during solvent evapouration.

Figure 1 shows simple schematic geometries for treating both solvent buoyancy (Figure
la) and spreading (Figure 1b). By evaluating the Reynolds and Peclet numbers!® for the
scenario in Figure la (using characteristic values), we find that most water-miscible solvents
are sufficiently buoyant to avoid dissolution in the subphase. This is due to the low diffusivity
of solvent molecules in water, relative to the velocity of the droplet under the buoyancy force.
Calculations are presented in the Supplementary Information.

Examining Figure 1b we suggest that a basic threshold for spreading of the solvent droplet
is that the equilibrium contact angle be less than 90°. This is equivalent to requiring the
interfacial tension between the solvent (A) and water (B) be less than the surface tension of

water; Yap < 7. Using simple continuum models to evaluate the interfacial tension in this



Subphase Solvent
(Water)

A L Ya
r
A4
Subphase YaB VB
(Water)

Figure 1: a: Schematic illustrating the buoyancy problem. A droplet of solvent with radius
r is submerged at depth L in the subphase (water). b: Schematic illustrating the spread-
ing problem as a spherical cap of solvent on a planar water surface. The surface tension
components between solvent A and water B are labelled.

case is not instructive. This is because these models evaluate the work of adhesion using a

mean of the surface tensions of the two phases; variously the geometric or harmonic means;

YaB = YA +YB — 2\/7a7B, (1)
YATB

AR = YA+ g — 428 )

TAB =0 B YA+ VB @)

By well-known inequalities, it can be readily seen that these models necessarily yield inter-
facial tensions that are less than, or equal to, the larger of the two surface tensions in the
system. The result of this is that the models predict that all liquids with a surface tension
below that of water will spread. However, there are low surface tension liquids that con-
tradict this predication. For example, toluene and dichloromethane both have very similar
surface tensions (y = 27.8 mNm~! and v = 27.9mN m™!, respectively) yet the latter spreads
on water and the former does not, with the main difference being that dichloromethane is a
marginally more polar molecule. Evidently, we require a model which is capable of dealing
with the component intermolecular interactions at the liquid-liquid interface.

1718 was developed as a framework for interpreting

Hansen solubility parameter theory
intermolecular force components in terms of their contributions to the cohesive energy of

materials and their solutions. The three parameters, d4, d, and Jj, represent contributions to



the cohesive energy density Ej of a material due to dispersive, polar and hydrogen bonding
intermolecular interactions, respectively. Their origin is in an analogy to the Hildebrand
solubility parameter § = v/Ej, and as a result the Hildebrand and Hansen parameters are
related; '

Ey=06°=0;+06.+ 6, (3)
The solubility of a molecule A in a solvent B in the Hansen formalism is correlated with
an “interaction distance” R4 between their respective sets of Hansen parameters;

RY = 40557 = 07)2 + (89 — o§)2 + (3, — 0,72, (4)

p p

The quantity R is related to the Flory-Huggins parameter x, and so minimisation of R4 is
equivalent to minimising the free energy penalty for substituting a molecule of B with one
of A. In this manner solvents with a low R4 relative to a chosen material will act as “good
solvents”.

Table 1 shows data for a selection of solvents categorised as water-miscible and water-
immiscible (a comprehensive list of investigated solvents is included in the Supplementary
Information). Some solvents included are typically used for exfoliation of nanomaterials
or Langmuir film formation, and others are included to cover a wide range of accessible
surface tensions for the solvent phase. We see that, contrary to the predictions of the simple
interfacial tension models (Equations (1) and (2)), some (but not all) of the low surface
tension liquids do not spread. We note that this is not directly related to the surface tension,
but that these are all non-polar (or weakly polar) liquids.

In order to understand how the Hansen parameters are linked to interfacial tension, we
first look at their relationship to surface tension of a single phase. Koenhen and Smolders
report a model relating these quantities to the molar volume V), based on the surface tension
of hard sphere liquids.

1

5+ a® + b5 = A (V—M> ) 5)



Table 1: Values of surface tension, Hansen Solubility Parameters (from Table 10.1 of Hansen’s

reference text!®), and spreading behaviour for a selection of solvents.

Solvent /mI;IySm_l /M(;Pdal /2 /M(;Ppal /2 /M(lzlal /2 | Spreads?
o | Ethanol 22.0 15.8 8.8 194 Y
= [ Acetone 23.0 155 10.4 7.0 Y
.2 | Isopropanol 23.3 15.8 6.1 16.4 Y
- N-methyl-2-pyrrolidone 40.8 18.0 12.3 7.2 Y
o | Hexane 18.8 14.9 0.0 0.0 N
= | Chloroform 26.7 17.8 3.1 5.7 Y
Z [ Dichloromethane 27.8 18.2 6.3 6.1 Y
= | Toluene 27.9 18.0 14 2.0 N
— | Cyclopentanone 34.2 17.9 11.9 5.2 Y

where A = 0.14mol™!; the constants a and b take different values for alcohols (a = 1,
b = 0.06) and non-alcohols (a = b = 0.63), based on a solvent database fitting analysis.?
Koenhen and Smolders’ model utilises the Hansen parameters to estimate the deviation
in cohesive energy density at the liquid surface; and hence estimate the surface tension. This
explains the similarity of the left hand side of Equation (5) to the right hand side of Equation
(3). By analogy to Equation (4), and substituting the molar volume for an average value

Vv — O.5(V]\(/[A) +V]\(43)), we suggest that the cohesive energy density deviation at an interface

(and thus the interfacial tension) can be approximated,;

(07" — 60)2 4 (Va@ s — Va®3(P))?
N ()

+HVHAEY — VEBID)? = A @ B | B

Vg +Vy

Figure 2 compares the interfacial tension predictions of Equation (6) for a range of sol-
vents to those of the models of Equations (1) and (2). In order to maintain internal con-
sistency, the values for the surface tension in each case are those calculated using Equation
(5). The shaded region identifies solvents which are predicted to not spread (yap > v,

where B is the water subphase). For each solvent shown, the behaviour has been verified

experimentally. We find that the model presented correctly identifies the behaviour of all 21
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Figure 2: Calculated solvent-water interfacial tensions against surface tension of the solvent.
The horizontal line represents the threshold for spreading; solvents with lower interfacial
tension spread, and those with higher tension do not spread. The points represent predictions
of Equation (6), and are identified as spreading (A) and not spreading (M) according to
experimental measurements. The right photographs illustrate the experimental verification
of spreading (top) and non-spreading (bottom) liquids.

solvents tested for their interactions with a pristine water surface.

We note that chloroform, the prototypical spreading solvent for Langmuir experiments,
falls remarkably close to the threshold value for spreading. Other solvents which have been
used for spreading nanomaterial films in the literature, such as NMP and acetone, fall further
from the threshold. This means that the behaviour of different solvents will be affected
differently by variations in the surface tension of the water subphase. Such variations could
be induced by the presence of a surface film, for example. In the simplest incarnation, we may
consider a film of amphiphillic molecules present at the air-water interface, which leads to
a measurable surface pressure II. Figure 3a shows a modification to the conceptual system
of Figure 1b. In typical Lanmguir film preparations it is assumed that Marangoni flow
drives the molecular film away from the droplet as it is brought into contact with the water

surface. In this way only the surface tension of the subphase is modified (the interfacial
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Figure 3: a: Modification to Figure 1b to account for the presence of a Langmuir film at
the air-water interface. b: Experimental pressure-area isotherm data for arachidic acid. c:
Experimental verification of maximum spreading pressures for some solvents. The plotted
line represents y = x, which well represents the trend in the data. d: A plot of Hansen
interaction distance, R4, with graphene against predicted maximum spreading pressure.

tension v4p remains unmodified); 4 — v4 — II. As such, the effect of an increase in surface
pressure will be to lower the threshold for spreading in Figure 2. Therefore the absolute
difference of the predicted interfacial tension and the surface tension of water represents a
threshold surface pressure above which each solvent should cease to spread in an isothermal
experiment; Il .x = Y4 — VaB.

In order to test this facet of the model, we use a film of arachidic acid as a means
to control the surface pressure. Figure 3b plots the pressure-area isotherm of the film.

The surface pressure was gradually increased to determine the point at which five solvents



ceased to spread; the results are plotted in Figure 3c (a table of observations is given in the
Supplementary Information). As the surface pressure is increased we observe a transition
region where the solvent spreading is hindered, before the solvent droplets cease to spread
and remain as biconvex droplets (with a markedly decreased evaporation rate). We define
the threshold spreading pressure as the highest surface pressure where no influence on the
solvent spreading is observed. Based on Figure 3c, we note that the data are very well
represented by the line y = x. This strongly indicates that the model presented accurately
reflects the fundamental chemical physics which drives solvent spreading on the surface of
water, even in the presence of a surface-active film.

It was noted during the experiments that once the droplets ceased to spread (and therefore
remained at the air-water interface for a significant length of time) an apparently crystalline
film of the amphiphilic material, visible to the naked eye, formed at the solvent-water in-
terface inside the droplet. This is due to the fact that there is some solubility of the film
material in the solvent. We anticipate that this effect will influence the precise measurement
of the maximum spreading pressure for each solvent, as our initial assumption was that the
solvent-water interface was unmodified by the presence of the film. Also, the effective sur-
face pressure surrounding the droplet will be lowered as the film partially dissolves in the
solvent. We do however note that there is not an observable effect within the uncertainty of
our existing measurements.

In a qualitative illustration of the maximum spreading pressure effect on deposition dy-
namics, a film of water-insoluble fluorescent material (m-phenylenevinylene trimer) was de-
posited from chloroform in two successive steps. High-speed camera footage (300fps) under
laser illumination at 405 nm is available in the Supplementary Information. The first solvent
droplet spreads and evaporates rapidly (< 2s), but the second droplet is hindered by the
presence of the material film, and so spreads and dissipates over a significantly longer time
scale (~ 10s, breaking up into several biconvex droplets in the process).

Given the success of the present model in describing pristine solvent behaviour, we seek



to incorporate existing understanding of nanomaterial-solvent interactions to optimize the
solvent system for preparation of nanomaterial films. The Hansen solubility parameters
have recently emerged as a powerful tool for evaluating interactions between solvents and

2l and other 2D nanomaterials.?2

nanomaterials, such as carbon nanotubes,? graphene®
Figure 3d plots the predicted maximum spreading pressure from the present model alongside
the Hansen interaction distance (defined by Equation (4)) of each solvent with graphene,
as an archetypal 2D nanomaterial. This latter parameter is of great importance to the
solvent selection problem, since it not only relates to the maximum stable concentration of
a nanomaterial dispersion (by the Flory-Huggins theory®), but according to Equation 6 will
also correlate with the interfacial tension between an exfoliating solvent and nanomaterial.
This affects the degree of exfoliation and particle size achievable in most exfoliation processes,
as well as influencing the stability of obtained dispersions.

When selecting a solvent for Langmuir film preparation of 2D materials, in principle one
wishes to have the minimum interaction distance with the material, as well as a solvent
which spreads effectively on water. The higher the value of I, for a given solvent, the
higher the achievable surface coverage without the use of compression. This is important,
since the compression ratios achievable using typical Langmuir troughs is less than 10; this
means to achieve complete surface coverage at full compression an initial coverage of at least
10 % is necessary. Figure 3d suggests that cyclohexanone, cyclopentanone, dichloromethane
and NMP are the best candidate solvents (of those investigated here). Application of this
understanding to the selection of a specific solvent will be affected by further considerations,

such as the spreading dynamics (affected by solvent boiling point, viscosity) and exfoliation

efficiency (surface tension mismatch) of each solvent.

10



Conclusions

By including information on the component interactions between molecules, we have devel-
oped an interfacial tension model capable of accurately predicting the spreading behaviour
of solvents used for Langmuir experiments, even in the presence of a surface-active film.
The use of Hansen solubility parameters in the present model facilitates coupling of nano-
material exfoliation considerations directly into the solvent selection problem. We believe
this will allow for optimization of L-S and L-B-deposited nanomaterial films by minimising
the number of processing steps and solvent transfers required to achieve suitable dispersions

for spreading.

Materials and Methods

Materials

All solvents were purchased from Sigma Aldrich (reagent grade, > 99 % purity) and used
as-received. Ultrapure water (18.2 M cm resistivity) was freshly prepared using a Thermo

Scientific Barnstead MicroPure purification system.

Methods

A NIMA 102A Langmuir trough equipped with a platinum Wilhelmy plate was used for all
experiments. The spreading behaviour of each solvent studied was established by adding a
5pL droplet from a micropipette onto a pristine water surface. Spreading solvents rapidly
spread out over the surface and evapourate within several seconds under ambient conditions.
Non-spreading solvents pool into one or more droplets and evapourate at a significantly
slower rate, even for comparable boiling points to spreading solvents.

To prepare a monolayer film, arachidic acid was dissolved into chloroform at ~ 1 mgmL™!

concentration. 10pL of the solution was spread onto the surface of the Langmuir trough

11



(74cm? open area); an initial molecular density of approximately 30 A® /molecule was ob-
tained. The isotherm of Figure 3b was obtained by closing the barriers at a rate of 10 cm? min~!
with a target surface pressure of 30 mN m~!. To measure the maximum spreading pressure of
each solvent, the barriers were initially fully opened. The surface pressure was controlled in
increments of 3mN m™!, and at each increment a 5 pL droplet of pristine solvent was added

to the surface for observation. Each solvent was tested separately, with the trough water

and arachidic acid film replaced in between solvent tests.
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