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Surface tension is a key parameter for understanding nucleation in the very initial stage of phase trans-
formation. Although surface tension has been predicted to vary with the curvature of the liquid—vapor
interface, particularly at the large curvature of, e.g., the subnanometric critical nucleus, experimental
study still remains challenging due to inaccessibility to such a small cluster. Here, by directly measuring
the critical size of a single capillary-condensed nanomeniscus using atomic force microscopy, we
address the curvature dependence of surface tension of alcohols and observe that the surface tension is
doubled for ethanol and n-propanol with a radius-of-curvature of ~—0.46 nm. We also find that the inter-
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face of larger negative (positive) curvature exhibits larger (smaller) surface tension, which evidently
governs nucleation at the ~1 nm scale and below, indicating more facilitated nucleation than normally
expected. Such well characterized curvature effects contribute to better understanding and accurate ana-
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Introduction

Nucleation of alcohols is a fundamentally important process
since it plays a critical role in investigating the atmospheric
new particle formation, which affects the Earth radiation
budget, climate change and human health."™ To study the for-
mation and growth of aerosol particles from the initial stage of
nucleation, alcohols are widely employed to activate and help
grow fine molecular particles to detectable sizes, such as those
used in condensation particle counters.>® In addition, alco-
hols are a simple type of organic compound that serve as
major contributors to new particle formation in the atmo-
sphere.” Therefore, quantitative understanding of nucleation
of alcohols is essential from laboratory experiments to field
studies that address the mechanism of atmospheric new par-
ticle formation as well as the activation properties of those par-
ticles and vapors, which are attracting increasingly more atten-
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lysis of nucleation occurring in various fields including materials science and atmospheric science.

tion as concerns about environmental issues such as air pol-
lution increase.”””

When characterizing phase transitions including such
nucleation processes, surface tension is an important thermo-
dynamic parameter.'®** It determines the energy barrier to
overcome to form a cluster of new phase and also provides the
equilibrium criteria for the critical nucleus, the very first stage
of nucleation. However, surface tension is expected to vary
depending on the curvature of the interface (Fig. 1(a)-(d)), par-
ticularly for a very small cluster down to sub-nanometer
scale.">'* Despite numerous simulation and theoretical studies,
the curvature-dependent surface tension is still an issue under
ongoing debate.’>"” Especially for alcohols, there have been
studies that incorporate the curvature correction to the alcohols’
surface tension for better analysis of the results in the homo-
geneous nucleation (HON) rate experiment.'®'® Nevertheless,
there is no direct measurement of surface tension of alcohols
for sufficiently large curvature of interface, or extremely small
size, to identify the clear change in surface tension.

For example, surface-force apparatus (SFA) experiments
showed the validity of constant surface tension for a cyclo-
hexane meniscus with a mean radius-of-curvature down to
—4 nm.*° Although the researchers directly measured the dis-
tance between two mica surfaces where the meniscus is
formed upon contact, they could not clarify further the curva-
ture-dependent change in surface tension due to the experi-
mental limit of distance measurement. Later, SFA experiments
provided the adhesion force measurement for capillary-con-
densed cyclohexane in the contact zone down to the molecular
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Fig. 1 (a) In saturated vapor (p/po = 1), the liquid—vapor (LV) interface is

planar in equilibrium with constant surface tension oq. (b) and (c) In
supersaturated vapor, the LV interface has a positive curvature in equili-
brium, irrespective of a solid interface. (d) In unsaturated vapor, the LV
interface of a meniscus has a negative curvature. Notice that surface
tension ¢ varies depending on the curvature in (b)—(d) unlike in (a). (e) A
fused quartz tip is glued on a QTF prong for shear-mode AFM. (f)
Amplitude and phase signals of the QTF obtained as the tip approaches
mica. Capillary condensation occurs at the critical distance d.. (i)—(iv)
show each step of the tip approach, allowing direct measurement of d.
and contact point (d = 0).

scale; however, the radius-of-curvature of the liquid-vapor
interface below —4 nm was not directly measured but derived
from the Kelvin equation.”® Moreover, they concluded that
their adhesion force measurement data were not available to
calculate the curvature effect on surface tension because of
uncontrollable experimental issues."

Another example is the nucleation-rate measurement for
alcohols, which has been conducted in supersaturated alcohol
vapor.”>>* This corresponds to the production of the nuclei of
the positive-curvature interface in equilibrium (Fig. 1(b) and
(c)), but they are thermodynamically unstable, thus leading to
spontaneous growth immediately after nucleation. In such
systems, it is impossible to observe directly a nanoscale critical
nucleus, and size measurement can be done only when the
nucleus grows enough to be detected. Therefore, for better
understanding of nucleation of alcohols, the main subject of
the present work, one needs to investigate the surface tension
by direct size measurement of the critical nucleus, which is
available only under non-supersaturated conditions (Fig. 1(d)).
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Here, we measure the surface tension of ethanol and n-pro-
panol at the nanoscale by direct size measurement of a single
critical nucleus, capillary-condensed between two surfaces,
which enables the identification of the unambiguous increase
of surface tension. Since the experiment is conducted at unsa-
turated low vapor pressure (p/p, < 0.5), a nanomeniscus with
large negative curvature is formed (Fig. 1(d)), which is (meta-)
stable in equilibrium, thus minimizing the typical systematic
errors in size characterization, in contrast to the super-
saturated case.>® >’ Note that the curvature dependent change
in surface tension for nucleation systems that have either sign
of curvature (Fig. 1(b)-(d)) is closely interrelated.*®

Experiments and results

For simultaneous formation and direct observation of a critical
nucleus with large negative curvature, we approach a sharp
quartz tip to the mica substrate under ambient conditions,
employing quartz tuning fork-based atomic force microscopy
(QTF-AFM). The AFM operates in shear mode with the tip
oscillating laterally, allowing precise measurement of the tip-
substrate distance (Fig. 1(e)). Mica is used as a substrate
because its surface is atomically flat and provides small
contact angles for alcohols. On such a surface, the height of
the meniscus becomes larger than on other substrates with
larger contact angles, and size measurement errors due to
surface roughness are minimized.

As the tip and substrate get close, a nanomeniscus-shaped
nucleus is produced in the gap at the critical tip-substrate dis-
tance of nucleation, d., which characterizes the size of a critical
nucleus and relates uniquely to its equilibrium curvature (inset
of Fig. 1(e)). Nucleation and the presence of the alcohol nano-
meniscus are seen in the collected AFM signal. The amplitude
and phase responses of the on-resonance oscillating QTF reflect
the interaction force exerted on the tip?® and are monitored
during the approach (Fig. 1(f)). When the tip approaches (i), the
abrupt drop in the amplitude indicates nucleation (ii). The
contact point is defined where the oscillation amplitude starts
to decrease rapidly (iii), with +0.1 nm uncertainty (see ESI
section 1}). As the tip approaches further, the amplitude vari-
ation saturates, which marks the tip-substrate hard contact (iv).

Since the QTF is a very sensitive and stiff oscillator,
QTF-AFM is suitable to detect in situ the single critical nucleus
(Fig. 1(f) (ii)), as well as to control the tip-substrate distance
accurately without mechanical instability. Detailed conditions
of measurement and equipment are reported in previous
works?°™*! and ESI section 1.}

The liquid-vapor (LV) interface of the formed nanomenis-
cus can be described by the Kelvin equation, which relates the
equilibrium curvature with the vapor pressure,

1 T
_kLIHE

R wo po

(1)

where R is the mean radius-of-curvature of the interface, kg is
the Boltzmann constant, 7 is the temperature, o is the surface

This journal is © The Royal Society of Chemistry 2021
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Fig. 2
histogram plot of d. versus p/po obtained for 30 to 39 times tip approach
vapor. (d) Larger d. at larger p/po. d. is measured as 1.33 + 0.15 nm, 1.63 +
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(a) Typical amplitude and phase for ethanol at p/po = 0.1. The tip approaches in steps of 0.05 nm and stays for 500 ms at each step. (b) The

in ethanol vapor and (c) for 25 to 33 times measurement in n-propanol
0.18 nm and 2.34 + 0.22 nm at p/po = 0.1, 0.2 and 0.45, respectively, for

ethanol and 1.57 + 0.2 nm, 1.96 + 0.26 nm and 2.82 + 0.35 nm at each p/po for n-propanol. Each error denotes the standard deviation and the solid

lines are for eye guide.

tension, and p/p, is the ratio of external vapor pressure to sat-
uration pressure. The molecular volume of liquid v is set from
well-known bulk values at given T around 296 K and is 5.877 x
10 m® mol™! for ethanol, and 7.483 x 10 m® mol™" for
n-propanol, as in other previous studies on nucleation.”'®?*?
The Kelvin equation shows that for p/p, < 1, lower p/p, pro-
duces an interface with a larger absolute value of curvature
1/|R| in equilibrium, whereas for p/p, > 1, larger 1/R is produced
at higher p/p,. Notice that eqn (1) assumes constant surface
tension and its validity at the nanometric scale is still being
demonstrated.*** The validity of the Kelvin equation is also
addressed and demonstrated for alcohols in the present work.

It is important to remark that the equilibrium mean curva-
ture (1/R) of the nanomeniscus obtained at certain p/p, is
uniquely determined by a measured d. which corresponds to a
vertical height of a nanomeniscus when it is formed. They are
related by the Young-Laplace equation of the form for an axi-
symmetric shaped interface:

1 d’z/dr? N dz/dr 2)
R (14 (dz/dr)®)*?  r(1+ (dz/dr)*)"?’

where r is the horizontal axis and z is the vertical axis of the
meniscus. According to eqn (2), (i) the tip radius, (ii) contact
angles of tip-meniscus and substrate-meniscus, and (iii)
radius-of-curvature R at the liquid-vapor interface serve as the
boundary conditions to find the exact shape of the meniscus
including its height as a solution of the equation®” (see ESI
section 2t). Here, (i) the tip radius is measured by SEM
imaging and (ii) the contact angles are set as 0, where their
changes from 0 to 30 degrees do not critically reverse the final
results as shown quantitatively in Table II in the ESL{ Then,
(iii) the equilibrium radius-of-curvature R is needed to tell the
exact maximum z-height of the meniscus d., above which no
solution exists for the Young-Laplace equation. It means
equivalently the d. value, which is the maximum z-height here,
corresponds to a single value of equilibrium (critical) R. This
justifies the direct and accurate measurement of d. where
nucleation occurs, providing the unique platform to make
measurements of the curvature-dependent surface tension.

This journal is © The Royal Society of Chemistry 2021

The typical approach curves are presented in Fig. 2(a) for
ethanol (see Fig. S2t for n-propanol and approach-retraction
cycle). The histograms and Gaussian fittings for the measured
values of d. are shown in Fig. 2(b) and (c), obtained by 25 to 39
independent measurements at three different saturation
ratios, p/po = 0.1, 0.2 and 0.45, for each alcohol. As summar-
ized in Fig. 2(d), larger d. is obtained at larger p/p, for both
ethanol and n-propanol, for which the general tendency
follows eqn (1). While d. also depends on the material of the
tip and substrate and their contact angle for alcohols, the
surface tension we measure is affected little if the contact
angles are properly considered (ESI section 4f). Surface
tension is defined at the LV interface regardless of the solid
surfaces.

Notice that for accurate measurements of d., we carefully
deal with the contamination issue and the liquid film left over
on the surfaces: to prevent contamination of the tip and sub-
strate, the tip is retracted before reaching the hard contact
(Fig. 1(e)(iv)) as in Fig. 2(a), which also protects the tip from
being deformed. To avoid the overestimation of d. due to the
leftover liquid films on the mica surface,>*>® each measure-
ment is conducted at different locations of about 100 nm apart
on mica. Detailed analysis of the factors that can affect the
measurement is in ESI section 3.1 The effect of the tip oscil-
lation on the d. measurement can be negligible, as the oscillat-
ing amplitude (~0.5 nm) is small enough compared to the
lateral size of the meniscus (~10 nm) and the oscillation
period is longer than the relaxation time of the confined mole-
cules. Our previous study also showed that the d. measure-
ments are not affected by the amplitude change in a range less
than 1 nm.*!

Fig. 3 presents the results of the exact 1/R versus p/p,, where
the plotted values of 1/R (black squares) correspond uniquely
to each measured d.. As observed clearly, experimental data
show considerable discrepancies with the simple 1/R behavior
predicted by eqn (1) (dashed lines), where we use the well-
known constant surface tension for ethanol (22.01 mN m™)
and n-propanol (23.5 mN m™') in Fig. 3(a) and (b), respectively.
As shown, larger discrepancies between the observed and pre-
dicted values occur at lower saturation ratio p/p,. It implies
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Fig. 3 Plot of p/po versus the equilibrium curvature 1/R. Black squares
with error bars represent the 1/R values obtained from the measured d..
The solid curves represent the fits of the Kelvin equation considering the
first order curvature dependency of the surface tension on the experi-
mental data by eqgn (3), the Tolman equation. They show (a) § = 0.23 nm
for ethanol and (b) § = 0.27 nm for n-propanol, respectively, whereas
the dashed lines indicate the Kelvin equation that assumes constant
surface tension.

that the curvature-dependent surface tension has to be incor-
porated, since careful consideration of other factors, including
nonideality of the fluid and contact-angle change due to the
line-tension effect at the three-phase contact line,**™*" fails to
fully explain the discrepancies. In particular, the discrepancy
actually increases with an increase in contact angle within the
range 0 < @ < n/2, but decreases for vanishing contact angle.
Even when zero contact angles are assumed both between tip
and meniscus and between meniscus and mica, considerable
discrepancies still prevail; see ESI section 41 for details.

The curvature-dependent surface tension has been charac-
terized by the Tolman length §, as given by the Tolman
equation,™*

0o

o=

. (3)
1 —
+R

where o, is the bulk surface tension at the planar interface.
Although it was first derived for a spherical droplet, the
Tolman equation is extended to a general shape of the inter-
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face beyond a sphere.”® Combining eqn (1) and (3) leads to the
following form of the Kelvin equation,

E*E(1+é)lnp7 (a)

R a Vio6o R l)_()

which is the first-order approximation of curvature depen-
dency assuming constant §. The solid curves in Fig. 3 represent
the fits of eqn (4) to the experimental data using § as a fitting
parameter. We find that § is about 0.23 nm for ethanol and
0.27 nm for n-propanol, both with positive sign, indicating
larger surface tension for a smaller meniscus. Fig. 4(a) shows
such surface-tension variations for both alcohols. For example,
for ethanol at R ~ —0.46 nm, surface tension is twice the bulk
value.

Notice that the errors of 1/R in Fig. 3 and 4(a) correspond to
the error of § up to +0.09 nm for ethanol and +0.16 nm for
n-propanol. Although each error range of § somewhat overlaps
(Fig. 4(a)), the fact that Sethanol < Spropanol reflects the slight
difference in their molecular size and shape. This is because,

ethanol n-propanol
25t o ®m  experiment
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1 1 1 Il
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(b) 15— ,
e Winkler 2008 L 14
- - - - Kelvin relation for critical nuclei 47
o prediction by Fletcher theory o’ ’
—— fitting with 2" order expansion -~ 13
1.0 = fitting with our results P _—
— 2 i o
=] P A Q.
Q s X
DN s {2 &
3 - 2
A
£ 05¢ 7/
00 1 1 1 1
0.0 0.5 1.0 1.5 2.0

Curvature 1/R (nm™)

Fig. 4 (a) The normalized ratio of surface tension o/co. The larger
surface tension is obtained for the smaller nanomeniscus, which equiva-
lently implies that the smaller nanodroplet of positive curvature has
smaller surface tension than the bulk value so. (b) The curvature-depen-
dent surface tension is employed in the results of the HEN rate measure-
ment of ref. 7. Fitting with the second-order expansion of surface
tension gives two coefficients, 5, = —0.18 nm and (5.2 + a)/4 =
0.19 nm?, which provides excellent agreement, but deviates from our
result due to the temperature difference.

This journal is © The Royal Society of Chemistry 2021
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based on its definition, the value of ¢ is known to be closely
related to the intermolecular distance and interaction range.®
In addition, quantitative analysis of possible errors for other
quantities used in the calculation shows that even when &
varies by —33% up to +78%, the sign of § is invariant (see ESI
section 47).

The effect of the heterogeneity and confinement by solid
surfaces is applied to our analysis only by geometrical factors
such as contact angles and a tip radius since our main focus is
on the LV interface and the area of solid-liquid interface is
comparable with that of the LV interface of our nanomeniscus.
Nevertheless, further study on the solid-liquid interface would
improve the precision of the resulted curvature-dependent
surface tension and understanding of HEN.

Discussion

Interestingly, the positive sign of ¢ indicates that a cluster of
condensed phase with more positive (negative) curvature 1/R
has smaller (larger) surface tension ¢ than the bulk value o, at
the planar interface (solid curves in Fig. 4(a)). This suggests
that alcohols can nucleate more frequently, or equivalently,
activate at a lower vapor pressure than what the classical
nucleation theory (CNT) predicts. This is because although
CNT has been considered as a qualitatively correct way to
describe the critical nucleus and to predict the nucleation rate,
it is based on eqn (1), assuming constant surface tension. Our
results are also consistent with the previous studies on the
positive curvature case, including the HON rate measurement
and nucleating colloidal liquid, all reporting the lower surface
tension than bulk to properly explain their data.'®"'%*> Notice
that the better agreement appears when the second-order cor-
rection is implemented by using the curvature dependence of
the Tolman length itself (ESI section 57).

Moreover, our result can be employed for the hetero-
geneous nucleation (HEN) case, because eqn (1) is established
for the LV interface regardless of the presence of the solid
surface.*? Previous studies on the HEN rate measurement have
shown the same tendency as ours, that the onset saturation
ratio p/p, is lower than what the CNT with constant surface
tension expects.”*® Since these experiments that form convex
clusters of n-propanol on pre-existing particles (Fig. 1(c))
mainly focus on the size of the activated particles and the
liquid-solid interface properties rather than the LV interface,
surface tension change has not been seriously considered even
for sufficiently large curvature. In fact, the slight discrepancy
that still exists between HEN experiments and the theory’ can
be quantitatively accounted for by incorporating the curvature-
dependent surface tension, as in Fig. 4(b). The equilibrium
curvature of the liquid-vapor interface of the critical nucleus
1/R (=2/r*, for a radius of the spherical critical nucleus r*) in
ref. 7 and the corresponding saturation ratio p/p, are plotted
(black dots) and fitted with the second-order expansion of the
Tolman equation (green curve). Their first and second order
coefficients of the curvature are ., = —0.18 nm and (5., + @)/4

This journal is © The Royal Society of Chemistry 2021
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= 0.19 nm?®, respectively. The fitting with our curvature-depen-
dency results (6, = 0.25 nm and 6,,> + a = —0.057 nm?) is
expressed as an orange curve, showing some discrepancy due
to the temperature difference at which experiments were per-
formed, 280 K for ref. 7 and 296 K for ours. Obviously, the
temperature plays a critical role in the curvature-dependent
change of surface tension'®** and thus, further studies of
temperature dependence would provide more quantitative
values. Details of the calculation process are discussed in ESI
section 6.7

We have demonstrated that our results on curvature-depen-
dent surface tension may be helpful in further studies on
nucleation and subsequent growth of molecular-scale particles
in various fields such as atmospheric physics and chemistry.
Moreover, the surface tension value of alcohols can practically
contribute to accurate analysis and interpretation in those
studies since only ~20% change in surface tension leads to
orders-of-magnitude change in the nucleation rate
prediction.' %4

Conclusions

In summary, the change in surface tension of ethanol and
n-propanol, showing up to twofold enhancement, is obtained
by directly measuring the size of the critical nucleus with cur-
vature up to ~—2.2 nm~ " and —1.7 nm™", respectively. By con-
sidering this curvature dependence in surface tension, the
macroscopic Kelvin equation is demonstrated valid down to
the mean radius-of-curvature of —0.45 nm for ethanol and
—0.59 nm for n-propanol. In addition, the Tolman length, a
parameter characterizing the curvature dependency of the
surface tension, for ethanol is found to be ~20% smaller than
that for n-propanol, reflecting the relevant difference of the
molecular structure. Exact knowledge of the curvature depen-
dency of pure fluid’s surface tension provides a crucial basis
for analyzing the binary, ternary, and multi-component cases,
which is necessary for understanding and characterizing the
nucleation processes in complex real systems from atmos-
pheric to biological systems.">!*
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