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Abstract
As any dedicated reader can clearly see, the Ideal of practical reason is a
representation of, as far as I know, the things in themselves; as I have shown
elsewhere, the phenomena should only be used as a canon for our understanding.
The paralogisms of practical reason are what first give rise to the architectonic
of practical reason. As will easily be shown in the next section, reason would
thereby be made to contradict, in view of these considerations, the Ideal
of practical reason, yet the manifold depends on the phenomena. Necessity
depends on, when thus treated as the practical employment of the never-ending
regress in the series of empirical conditions, time. Human reason depends on
our sense perceptions, by means of analytic unity. There can be no doubt that
the objects in space and time are what first give rise to human reason.
Add new section about results in Chapter 4.
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CHAPTER 1

Introduction

1.1

Mathematical representation of the interface

To quantify the physics at the interfaces, we mathematically define the interface
as an infinitely thin surface. Surfaces can be described in implicit form as
F (x, y, z) = 0. For such an implicit form one can obtain the normal to the
surface by realizing that total derivative of F vanishes: dF = dr.∇F = 0, where
dr is a vector connecting two points on the surface. As dr is a tangential vector,
∇F must be an orthogonal vector and points in the direction of normal to the
surface. Thus, unit normal to the surface can be given by
n̂ = ∇F/|∇F |

(1.1)

z

Reimann defined curvature of the surface as the change in the normal vector
as one moves along the surface. Such a change is given by the curvature tensor
Q. If we move along the surface by a distance dr, the normal n̂ changes by an
amount dn̂ = dr.Q where elements of tensor Q is obtained by differentiating
equation 1.1.

20
0
n̂
−20
−5

F (x, y, z) = 0
n̂

0
x

5 −5

0

5
y

Figure 1.1: Illustration of mathematically defined interface F (x, y, z) = 0, with
normal vectors n̂ shown for two sample points.
Curvature tensor Qij is thus given by,
Fi |∇F |j
1
Fij −
=
|∇F |
|∇F |



Qij



(1.2)

where Fi = ∂F/∂ri . Such three dimensional tensors have three invariants under
similarity transformations: trace, sum of principal minors and determinant.
We know from explicit calculations that one of the eigen values is zero and
thus the determinant. Thus, curvature tensor is a singular matrix. Two of
the eigen values of Q have dimensions of inverse length and are defined as the
principal curvatures, namely 1/R1 , 1/R2 . This allows us to define the invariant
mean curvature as the trace of Q: H = 1/2(1/R1 + 1/R2 ). In our expressions
we J = 2H as mean curvature. This adoption is purely notational and will
not affect the physical results. Similarly, second invariant of Q is defined as
Gaussian curvature: K = 1/(R1 R2 ).
1
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1.2

Quantification of interfacial fluctuations

In the earlier section we mathematically defined an interface using γ, J0 , κ, κ̄
by Taylor series expansion of curvature energy. In this section, we will look
at various techniques and attempts presented in literature to quantify these
values.

Estimation of bending rigidity
A fluctuation route to bending rigidities was proposed in 1999 [1]. It is intuitive
to correlate the additional free energy because of interfacial fluctuation to
κ. To achieve this, equilibrium density profile ρ(z)eq was displaced by a
height vector h(~r) to realize the fluctuating interfacial density distribution as
ρ(z) = ρ(z)eq + h(~r) as shown in illustration Fig. 1.1. Curvature expenses were
later compared to that of curvature expenses suffered by equilibrium bending
of planar interface into a cylindrical and spherical interfaces. [1, 2].

h(r)

(z)

z
Liquid 1
Liquid 2

z

(a)

(b)

Figure 1.2: Illustration of fluctuating interfaces. (a) Planar interface separting
two liquids with a solubility gap. Illustration of quilibrium solution (cyan
dashed) and off-equilibrium fluctuating interface (orange). (b) Density profile
distribution for both scenarios are illustrated.
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(1.3)

Figures and Tables

Figure 1.3: One ball.
Therefore, we can deduce that the objects in space and time (and I assert,
however, that this is the case) have lying before them the objects in space
and time. Because of our necessary ignorance of the conditions, it must not
be supposed that, then, formal logic (and what we have alone been able to
show is that this is true) is a representation of the never-ending regress in the
series of empirical conditions, but the discipline of pure reason, in so far as this
2

1.3. Figures and Tables

Figure 1.4: Two balls.
expounds the contradictory rules of metaphysics, depends on the Antinomies.
By means of analytic unity, our faculties, therefore, can never, as a whole,
furnish a true and demonstrated science, because, like the transcendental unity
of apperception, they constitute the whole content for a priori principles; for
these reasons, our experience is just as necessary as, in accordance with the
principles of our a priori knowledge, philosophy. The objects in space and time
abstract from all content of knowledge. Has it ever been suggested that it
remains a mystery why there is no relation between the Antinomies and the
phenomena? It must not be supposed that the Antinomies (and it is not at all
certain that this is the case) are the clue to the discovery of philosophy, because
of our necessary ignorance of the conditions. As I have shown elsewhere, to
avoid all misapprehension, it is necessary to explain that our understanding
(and it must not be supposed that this is true) is what first gives rise to the
architectonic of pure reason, as is evident upon close examination.
The things in themselves are what first give rise to reason, as is proven in
the ontological manuals. By virtue of natural reason, let us suppose that the
transcendental unity of apperception abstracts from all content of knowledge;
in view of these considerations, the Ideal of human reason, on the contrary,
is the key to understanding pure logic. Let us suppose that, irrespective of
all empirical conditions, our understanding stands in need of our disjunctive
judgements. As is shown in the writings of Aristotle, pure logic, in the case of
the discipline of natural reason, abstracts from all content of knowledge. Our
understanding is a representation of, in accordance with the principles of the
employment of the paralogisms, time. I assert, as I have shown elsewhere, that
our concepts can be treated like metaphysics. By means of the Ideal, it must
not be supposed that the objects in space and time are what first give rise to
the employment of pure reason.
1

It is now easy to tell that Birch and Swinnerton-Dyer are two people.

Missing
figure

Three balls.

Figure 1.5: Three balls.
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Correct

Incorrect

ϕ: X → Y
ϕ(x) := x2

ϕ:X→Y
ϕ(x) := x2

Table 1.1: Proper colon usage.
Correct

Incorrect

A =⇒ B
A ⇐= B
A ⇐⇒ B

A⇒B
A⇐B
A⇔B

Table 1.2: Proper arrow usage.
Correct

Incorrect

−1
1–10
Birch–Swinnerton-Dyer1 conjecture
The ball  which is blue  is round.
The ball—which is blue—is round.

-1
1-10
Birch-Swinnerton-Dyer conjecture
The ball - which is blue - is round.

Table 1.3: Proper dash usage.

1.4

Outline

The rest of the text is organised as follows:
Chapter 2 is second to none, with the notable exception of Chapter 1. The
main tool introduced here is the employment of unintelligible sentences.
Chapter 3 asserts the basic properties of being the third chapter of a text.
This section reveals the shocking truth of filler content.
Chapter 4 demonstrates how easily one can get to four chapters by simply
using the kantlipsum package to generate dummy words.
Appendix A features additional material for the specially interested.
Appendix B consists of results best relegated to the back of the document,
ensuring that nobody will ever read it.
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PART I

The Zeroth Part

CHAPTER 2

Review of statistical
thermodynamics

Key idea of this chapter, as the title states, is to review the essential elements
of statistical thermodynamics. Macroscopic observables or properties of any
system in equilibrium can undoubtedly be linked to its primary constituents
(atoms).

7

PART II

The First Part

CHAPTER 3

Elastic Properties of Symmetric
Liquid-Liquid Interfaces

The mean (κ) and Gaussian (κ̄) bending rigidities of liquid-liquid interfaces,
of importance for shape fluctuations and topology of interfaces, respectively,
are not yet established: even their signs are debated. Using the Scheutjens
Fleer variant of the self-consistent field theory, we implemented a model for a
symmetric L/L interface and obtained high precision (mean field) results in the
grand canonical (µ, V, T )-ensemble. We report positive values for both moduli
when the system is close to critical where the rigidities show the same scaling
behavior as the interfacial tension γ. At strong segregation, when the interfacial
width becomes
p of the order of the segment size, κ̄ turns negative. The length
scale λ ≡ κ/γ specifies the cross-over from the interfacial tension dominatedto the bending rigidity dominated damping of interfacial fluctuations,
√ remains
of order the segment size for all strengths of interaction; yet the 1/ N chain
length correction reduces λ significantly when the chain length N is small.

11

3. Elastic Properties of Symmetric Liquid-Liquid Interfaces

3.1

Introduction

Thermal energy makes liquid-liquid (L/L) interfaces to undergo undulations and
wavelike fluctuations. On a large length scale, beyond the capillary length, these
are damped by gravity. On mesoscopic length scale it is the surface tension γ,
which counteracts the area change that accompanies these fluctuations. On the
nanoscale the bending of the interfaces are damped by the interfacial bending
rigidity κ. More specifically, out-of-plane fluctuations of L/L interfaces are
controlled by
pthe interfacial tension for wavelengths larger than the cross-over
length λ = κ/γ and by the bending rigidity (κ) at shorter wavelengths. This
λ should be comparable to a molecular length scale [3]. Precise prediction of
λ from a molecular model would significantly advance our understanding on
fluctuations in L/L interfaces. However, molecular models that have access
to κ at sufficient accuracy have not yet been forwarded. A key issue here is
that molecular theories thus far have failed to establish the sign of κ. This
uncertainty arguably had negative impact on the recognition of λ as a key
interfacial quantity. As κ controls the magnitude of the fluctuations (at short
length scales), we expect it to be positive (κ > 0). In stark contrast to this,
surprisingly few theoretical predictions foresee a positive value [4]: to date,
molecular models typically predict negative values [1, 5–7]. Nevertheless in
(mesoscale) simulations [8–10] and in phenomenological models [11] a positive
sign for κ is often chosen.
Besides κ, interfaces have a second elastic constant known as the saddle spay
modulus or Gaussian bending rigidity κ̄. The κ̄ should control the topology of
interfaces; a negative value will prevent the formation of saddle shaped interfaces
whereas a positive value will promote these. A sign-change (e.g. upon a change
of temperature) is easily envisioned. However, existing predictions indicate a
strictly positive value [5–7].
Molecular theories give relatively easy access to the accurate values for
the interfacial tension [12, 13]. However, the evaluation of the rigidities has
many intricacies. With respect to common practise, we found that a sound
estimation of κ and κ̄ from a molecular theory require to overcome two hurdles:
(i) to quantify the curvature expenses at a fixed chemical potential (µ) of all
molecular species and (ii) to properly account for non-local contributions to
the enthalpic interactions.
In this chapter, we successfully overcome these theoretical challenges and
show that κ is strictly positive for L/L interfaces and hence fluctuations from
planar state cost free-energy. We observe that λ is of the order of the segment
size in the limit of strong or weak segregation, yet shows a non-monotonous
behavior in transition regime. We discuss the implications of chain length (N degree of polymerization) on fluctuations of L/L interfaces, in light of results
obtained for λ. Finally, we present and discuss the sign-switch for κ̄.

3.2

Method and Model

Mean field results for a simple symmetric interface between two liquids AN
and BN , where N is chain length (degree of polymerization), is discussed. The
case with N = 1 correspond to the well-known van der Waals interface [13, 14].
When N is large we arrive at another well studied interface, namely between two
inmiscible polymers [5, 15]. As γ > 0, the system has a tendency to minimize
its area. Thermal energy causes the macroscopic interface to fluctuate. The
accompanied entropy gain is counteracted by an unfavourable increase in area
and a penalty for the interface to (locally) bend away from the planar ground
state. Such curved interfaces cannot maintain their tension exactly. Following
Helfrich [16] we consider a Taylor series expansion of the tension in terms of
the mean (J = 1/R1 + 1/R2 ) and Gaussian (K = 1/R1 × 1/R2 ) curvature (R1
and R2 are two principle radii of curvature):
γ(J, K) = γ(0, 0) +
12

∂γ
1 ∂2γ 2
∂γ
J+
J +
K + ···
∂J
2 ∂J 2
∂K

(3.1)

3.2. Method and Model
The term linear in J is well documented and properly understood [17–21].
Here and below, we will focus on symmetric interfaces for which this linear
∂2γ
term vanishes. Defining the mean bending modulus, κ ≡ ∂J
2 , and Gaussian
∂γ
bending rigidity, κ̄ ≡ ∂K , Eqn. 3.1 reduces for weakly curved
interface to
R
γ(J, K) − γ(0, 0) = 12 κJ 2 + κ̄K. The grand potential, Ω = γdA, quantifies
the excess free energy of the interface and is the characteristic function that can
be used to describe the fluctuations of the interface that take place at specified
chemical potentials, µ, (that of the binodal) of the molecular species in the
system.

Scheutjen-Fleer Self Consisten Field Theory
We implement a self-consistent field model using lattice approximations as
introduced by Scheutjens and Fleer for polymer adsorption [22, 23]. These
authors combined a freely jointed chain model with a Flory-Huggins equation
of state. The repulsive interactions between A and B segments is quantified
by a Flory-Huggins interaction parameter. When χ > χc = 2/N the system
features a solubility gap. It turns out that it is important to understand how
the SF-SCF formalism deviates from the classical SCF theory that is used to
describe microphase segregation (which is also frequently used to model the
interface between two polymeric solutions).
In SF-SCF we write a mean field free energy (in dimensionless units) for a
molecularly inhomogeneous system [24–27] in terms of volume fraction ϕx (r)
and complementary segment potential ux (r) profiles for segment types x = A, B
on a grid of lattice sites with characteristic size b equal to segment size. To
facilitate proper extremization we add a Lagrange parameters, α(r), in free
energy to implement the local incompressibility constraint, ϕA (r) + ϕB (r) = 1,
applicable in each coordinate r and a parameter ∆r;r0 ≡ δr;r0 ν, where δr;r0 is
unity when r = r0 and zero otherwise and ν is the Lagrange parameter coupled
to the requirement that at the interface location r = r0 the density of both
components match [5]:
F = − ln Q([u]) −

X
r

α(r)

X
x

X

ux (r)ϕx (r)L(r) + F int ([ϕ])+

x,r







ϕx (r) − 1 + ∆r;r0 ϕA (r) − ϕB (r)

(3.2)

In the mean field approach one can decompose the partition function Q =
Πi qini /ni ! where i = 1, 2 refers to AN and BN respectively. The molecular
partition function qi contains the statistical weight of all possible and allowed
conformations of molecule i (see below). ni is the number of molecules of type
i in the system. L(r) gives the number of lattice sites at the lattice coordinate
r. For planar system L(r) = 1 is a constant (all quantities are per unit area), in
cylindrical coordinates L(r) ∝ r (and quantities are expressed per unit length
of the cylinder), while in spherical coordinates L(r) ∝ r2 . The interaction free
energy is a function of the densities:
F int = χ

X
r



L(r)ϕA (r) hϕB (r)i − ϕbB



(3.3)

Here ϕbB refers to the bulk volume fraction of B (of one of the bulk phases).
Importantly, the angular brackets are needed to account for the contact energy
in a system with gradients in density. Similar as in the Cahn Hilliard theory
[14] we write
1
hϕB (r)i = ϕB (r) + ∇2 ϕB (r)
(3.4)
6
2
where the ∇ is easily mapped on the lattice as explained extensively in
earlier literature [22, 24]. SCF solutions now involve optimizing the free
13
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energy (F ) with respect to its variables, respectively segment potentials,
volume fractions. When ∂F/∂ϕA (r) = 0, we find that the potentials
must obey uA (r) = α(r) + ∆r;r0 + χ(hϕB (r)i − ϕbB ) (and similarly for
uB (r)). Setting ∂F/∂ux (r) = 0 shows the way to evaluate the densities:
ϕx (r) = −∂ ln Q/∂ux (r). The molecular
partition functions are found from
P
the endpoint distribution qi =
Gi (r, N |1). The end-point distributions
r
are recursively found from Gi (r) = exp −ui (r) by the propagator Gi (r, s|1) =
Gi (r)hGi (r, s − 1|1)i, where the angular brackets have the same meaning as
in Eqn.3.4. The segment densities
P are found by the composition law, which
for homopolymers read: ϕi (r) = s Ci Gi (r, s|1)Gi (r, N − s − 1|1)/Gi (r). As
the position of the interface is already controlled by a Lagrange parameter
∆r;r0 , we no longer need to specify a fixed amount of one of the components
(as is needed in a canonical ensemble), but we can normalize the densities with
Ci = ϕbi /Ni where ϕbi is specified by the binodal: A proper binodal value is a
ϕ
(relevant) root of the Flory-Huggins Eqn. ln 1−ϕ
+ χN (1 − 2ϕ) = 0.
Numerical solutions, which routinely were obtained with an accuracy of
9 significant digits, that optimize the free energy functional and obey to
all constraints, have the property that the potentials both determine and
follow from the volume fractions profiles and vice versa and are said to be
self-consistent.
For such solution one can compute the grand potential by
P
Ω = r L(r)ω(r) wherein the grand potential density at coordinate r is given


P
by ω(r) = − i (ϕi (r)−ϕbi )/Ni −α(r)−χ(ϕA (r) ϕB (r)+ 16 ∇2 ϕB (r) −ϕbA ϕbB ).
P
The planar interface has a tension γp = z ω(z), where z is the coordinate in
the planar system. This planar interface serves as the ground state or reference
state needed to estimate the grand potential increase of the curved interfaces.

3.3

Results

SCF solutions are routinely created for planer (p) cylindrical (c) and spherical
(s) coordinates. As the position of the interface is exactly known and specified
by ∆r;r0 to be at coordinate r = r0 we obtain the interfacial tensions in all cases
unambiguously. In spherical geometry we have R ≡ R1 = R2 = r0 − 1/2, while
in cylindrical geometry R ≡ R1 = r0 − 1/2 and R2 = ∞ and γs = Ωs /(4πR2 )
and γc = Ωc /(2πR) for spherical and cylindrical geometries, respectively. Here
Ωs is the grand potential when the interface is curved in a spherical fashion,
and Ωc is the grand potential per unit length of the interface when curved in a
cylindrical fashion. Here we have implemented that a lattice site at coordinate
r is a distance r − 1/2 away from the center of the coordinate system. In all
calculations we make sure that the numerical value for r0 significantly exceeds
the width of the interface. Next we compute γc − γp as well as γs − γp that use
the Helfrich equation 3.1 to extract with high accuracy both κ (from cylindrical
geometry) and 2κ + κ̄ (from spherical geometry). The combination of these
results leads to both κ and κ̄. Note that in all calculations, µ for the molecular
species were set to the value at the appropriate binodal. Invariably, we find
a positive value for the mean bending modulus whereas the sign of κ̄ is (as
expected) not fixed.
Results for N = 1 (the van der Waals interface[12, 13]) are presented in SI,
here we focus on the captivating results for N > 1 and understand that N = 1
is a limiting case.
In Fig. 1(a), we present the interfacial tension and in Fig. 1(b) the bending
rigidities, both as a function of ∆χ, where ∆χ ≡ χ − χc (χc = 2/N : bulk
critical point), for three values of the chain lengths N = 2, 20 and 200. The
corresponding results for the density difference and the interfacial width are
presented [28]. The results for the interfacial tension are in principle well known
[5, 14, 15, 29–31]. As long as the interface is wide compared to the coil size
we find γ ∝ N (∆χ)3/2 and in the other limit, where the interfacial width is
small compared to the coil size, we have γ ∝ (∆χ)1/2 . (The 3/2 exponent is
the mean field prediction, known to be subject to changes, the 1/2 exponent is
14
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Figure 3.1: (a) Interfacial tension per unit area γ in units of [kB T b−2 ] as a
function of ∆χ = χ − χc in log-log coordinates (b) Mean κ (solid line) and
Gaussian bending rigidities κ̄ (dashed line) in units of [kB T ] as a function of
∆χ. Relevant slopes are indicated. Three different chain lengths were used
(N = 2 : green, N = 20 : cyan, N = 200 : blue).

Figure 3.2: λ as a function of ∆χ for different N = 2 (green), 20 (light blue),
80 (dark blue), 200 (red). Guide lines for 0.1% uncertainty in κ are provided to
visualize the trend, points show original data. (b) λmax vs N showing a linear
dependence of the maximum cross-over length with respect to the chain length
for (N > 20). Dots indicate extracted values, blue dashed line is a linear fit
λmax = 0.02N + 6.54 .

expected to be accurate.) As in this √
regime χ exceeds χc a lot, the result is
similar to the known result that γ ∝ χ. The latter result/regime is referred
to as the strong segregation limit and the former regime will be referred to as
the weak segregation limit.
Interestingly the results for both bending rigidities [cf. Fig. 1(b)] follow
the results for the interfacial tension qualitatively. In the weak segregation
the 3/2 scaling is found, while for the strong segregation the 1/2 scaling is
recovered. It is important to mention that the Gaussian bending modulus
deviates from the latter power-law dependence rather abruptly: quite suddenly
the Gaussian bending rigidity goes to zero and then changes its sign. We
will discuss this behaviour below in more detail. Comparing Figs. 1(a) and
1(b) shows that in the transition regions between weak and strong segregation
the tension and rigidities do not exactly copy their dependencies. This has
interesting implications as we will show next.
p
Above we introduced the length scale λ = κ/γ. Combining results form
Fig. 1(a), 1(b), we present λ as a function of ∆χ in semi-logarithmic coordinates
for a few systems that differ in N in Fig. 2(a). In this figure it can be seen
that λ goes through a local maximum (λmax ) in-between weak and strong
segregation. Further, λ reaches some fixed value, which is approximately 16%
larger at weak-, compared to strong segregation. In Fig. 2(b), linear dependence
of λmax is presented as a function of chain length N . Computer simulations
that are aimed to find the bending rigidity from the height fluctuations of
the interfaces [8, 32] may benefit from relatively large λ-values and preferably
should be executed for large chains, because λmax grows linearly with N as
15

3. Elastic Properties of Symmetric Liquid-Liquid Interfaces

Figure 3.3: (a) Ratio of Mean and Gaussian bending rigidities as a function of
molecular weight N at ∆χ = 0.03 (dark blue), 0.06 (light blue), 0.075 (cyan),
0.08 (green), 0.3 (black) showing transition from κ̄/κ = 1/2 → −3/2 as the
system is going from weak to strong segregation by increasing the chain length.
(b) Diagram of states for the sign switch of κ̄. The dashed fit-line is explained
in the text.

λmax = 0.02N + 6.54. In passing we should note that κ has been computed in
the weak curvature limit. To reach interface fluctuations dominated by bending
we need small wavelengths, and then the weak curvature approximation possibly
may not suffice. Such problems may come to the forefront when computer
simulations are performed on the fluctuation characteristics of L/L interfaces.
That is why such simulations remain of more than average interest.
It is of interest to consider the ratio κ̄/κ. Obviously, when κ̄ is switching its
sign, we cannot have a fixed ratio between the rigidities, but slightly outside
the transition regions, that is both at weak and at strong segregation, the ratio
is remarkably constant. This is illustrated in Fig. 3(a) where for a selected
number of values for ∆χ-values this ratio is plotted as a function of the chain
length N . For low values of N and low values of ∆χ we have the typical weak
segregation result. It could have been concluded from Fig. 1(b), the ratio goes
to a constant of approximately 1/2. In the high N high ∆χ value limit, that is,
the strong segregation limit, where the Gaussian bending rigidity is negative,
the ratio is approximately −3/2. Implicit in this prediction is that also in the
regime where κ̄ < 0, the (negative) Gaussian bending rigidity follows a scaling
law: −κ̄ ∝ (∆χ)1/2 .
Recently, we have shown for microemulsion systems that the Gaussian
bending rigidity is positive for systems near the (bulk) critical point and
negative otherwise [33]. From Figs. 1(b) and 3(a) it can be seen that for
liquid/liquid interfaces the same phenomenology applies and it is of interest
to quantify this sign switch. It is mentioned in SI [28] that the scaling for the
interfacial width W ∝ (∆χ)−1/2 applies both at weak and strong segregation
regimes. The appropriate
prefactor depends on 1 + 1/N in weak segregation
√
and on 1 + 1/ N in strong segregation regime
[28, 34]. In Fig. 3(b) we
p
√
present a diagram of states in coordinates ∆χ vs 1/ N . The dashed line
√
((∆χ)1/2 = 0.2 + 0.5/ N ) separates the parameter combination with positive
κ̄ values from the negative ones. The line in Fig. 3(b) is functionally consistent
with the prefactor for the interfacial width scaling in the strong segregation limit
and therefore we speculate that the interfacial width controls the sign switch.
Apparently, the Gaussian bending rigidity changes sign when the width of the
interface is approximately 3 to 4 times the segment size. This thus happens
at relatively weak segregation for short chains but in the strong segregation
regime for long chains.
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Discussion

Physically, the implication of a positive κ is that fluctuations of the L/L
interface away from the planar state do cost (free)energy. In the light of
existing literature, this expected result is remarkable for several reasons.
(i) The way the interface is pinned, using a Lagrange parameter coupled to
the equal density of the two liquid component, was first used by Matsen [5].
He implemented this method to find the bending rigidities using the classical
self-consistent field machinery. His SCF approach has many similarities with
the (current) SF-SCF approach. Yet he reported strictly negative values for κ
and positive values for κ̄. The only relevant difference between our SF-SCF
approach and the classical SCF approach of Matsen rests in the fact that
for the interactions we have implemented the Cahn-Hilliard gradient terms,
and Matsen did not. In the SI we show that when in SF-SCF these gradient
terms are neglected, that is, when we implement (cf Eqn 3.4) hϕ(r)i → ϕ(r),
we do reproduce all results of Matsen to a high accuracy. This proves the
importance of the non-local interaction contributions to determine the rigidities.
In the absence of these non-local interactions, neither the sign nor the scaling
dependencies are apparently properly predicted.
(ii) A number of years ago Blokhuis has shown that a big effect on how
bending of the interface is implemented [35] must be expected. He identified
the so-called equilibrium bending mode where µ controls the curvature. In
this case, the bending of the interface is accompanied by the development of a
Laplace pressure inside the ‘droplet’ phase. γ is then typically computed at
the so-called surface of tension (SOT). The position of the interface is taken
to be at the SOT, even though other choices can be implemented. When the
tension evaluated at this SOT is used in the Helfrich equation one can evaluate
κ and κ̄ (again using the combination of cylindrical and spherical geometries).
As confirmed by SF-SCF calculations [7, 36], in this case κ is negative and κ̄ is
strictly positive. Also for equilibrium bending one finds scaling behaviour for
both moduli when the system is close to the bulk critical point. However in
this case the coefficient of 1/2 is found. Blokhuis also analyzed the bending
of the interface at fixed µ (binodal values) by controlling the position of the
interface by some (local) external field. Interestingly, in this case he recovered
the 3/2 scaling law, similarly as presented above for the weak segregation [37].
However, still the value of κ was negative. Interestingly, quantitative values
for κ did depend on the choice that was implemented to define the interface
position. Blokhuis could not exclude that there might be some choices for this
that could turn κ positive. Hence the current results that shows positive values
for κ and a 3/2 scaling coefficient (in the weak segregation limit) indeed is the
anticipated result.
Perhaps the more interesting prediction is the sign switch of κ̄. In surfactant
systems such sign switch has been found earlier [33] and is expected because it
correlates with the rich phase behavior for these systems that include cubic
phases and sponge phases. For the liquid/liquid interface the sign switch of κ̄ is
unknown. It will be of more than average interest to find experiments for which
this sign switch is important. This is not trivial because we know that the
prime interest of an interface is to reduce its area under the influence of a finite
tension. However, when the interfaces are strongly perturbed, one might find
that drops may pinch off. Arguably this is easier when κ̄ < 0, hence at strong
segregation systems, and suppressed otherwise. This reasoning may explain
why for some liquids one can manipulate the splashing by an external pressure
[38, 39]. Such effects may find applications in various industrial process [40,
41]. Our results may also have implications in emulsion droplet formation as
the ease by which drops form might be manipulable by the sign and size of κ̄.
We have proved that the fluctuations from L/L interface away from the
planar interface indeed cost free energy. We have shown that the cross-over
length has a non-monotonous behavior in the transition regime between weak
and strong segregation. Besides this, λ is essentially constant (of the order
of a few segments lengths) and does not vary much with chain length and/or
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distance to a critical point. Moreover, a sign-switch of κ̄ is now established. As
interfaces are omnipresent, it is difficult to overestimate the many implications
of our phenomenal results which may include complex phenomena such as
droplet nucleation from a supersaturated solution, emulsion formation and
wetting phenomena to mention a few.

3.5

Additional Information

The equilibrium properties of symmetric L/L interfaces is solved in a mean field
model. Solutions of the SF-SCF equations lead not only to thermodynamic
information on interfaces but also provides insight in corresponding structural
properties. In the first section of this supplementary information we illustrate
this by focusing on a few density profiles across symmetric interfaces and then
illustrate how curvature of the interface changes the interfaces in a subtle yet
expected ways. In a second paragraph we present result for the thermodynamic
and elastic properties of interfaces between monomeric solvents (the van der
Waals case). In a third section the finite chain length corrections of the
interfacial tension as wellp
as the mean bending rigidity are analysed to underpin
how the length scale λ = κ/γ has a non-monotonous behaviour in-between the
weak and strong segregation regimes. The fourth section gives information on
the interfacial width and the density difference across the interface as functions
of the interaction parameter. The final section is devoted to the comparison of
the SF-SCF results with the classical results of Matsen [5]. In this comparison
we modified the SF-SCF approach by ignoring the non-local interactions in
the segment potential. The match of results of these two approaches proves
that the difference found between full SF-SCF and the classical SCF used in
polymeric interfaces must be attributed to these non-local interactions and not
to, e.g., spurious numerical issues.

On the segment density profiles across symmetric interfaces
and how curvature of the interface modulates these.
The SF-SCF theory has been outlined in the chapter. A key result of the
theory is the structure of the interface. This interface readily forms both for
monomeric systems A1 -B1 (referred to as the van der Waals interface), as well as
for polymeric interfaces AN -BN where N is the degree of polymerisation. The
reason why in monomeric systems the interface is stabilized is due to the nonlocal interactions in the segment potential. For polymer systems the interface
in principle should also experience such Cahn-Hilliard gradient contributions
(leading to a k(∆ϕ)2 in the Landau free
√ energy), but they are already stabilized
by a Lifshitz-Edwards entropy (b2 (∆ ϕ)2 /12 in the Landau free energy [26]).
Because of the latter effect, in polymeric models the Cahn-Hilliard contribution
is often ignored. We show that this Ansatz is leading to wrong predictions
for the bending rigidities and this is in more depth elaborated on in the final
section of this supplementary information.
In Fig. 3.4a the volume fraction profiles are presented for simple planar
monomeric Liquid-Liquid interface at strong segregation (orange) and weak
segregation (cyan). Interfacial profiles converge to the classical result ϕ(z) =
∗
0.5 ± ∆ϕ tanh((z − z ∗ )/W ) in the limit
p of weak segregation. Here z = z is
the position of the interface, W = b λχ/∆χ is the width of the interface
(λ = 1/6, b is the size of a segment), and ∆ϕ is the density
p difference (between
binodal concentrations) which near critical is given by 6∆χ/16. Fig. 3.4a is
instrumental in visualizing the length scales involved in the problem. Primary
length scale, as observed from the figure is the interfacial width W . It is clear
that closer to the bulk critical point the interfacial width widens and the density
difference decreases
as observed [14]. Other length scales associate are the coil
p
size Rg = b N/6 and the segment size b. We note that these length scale will
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play a significant role in polymeric liquid-liquid interfaces and are addressed in
the chapter.

Figure 3.4: (a) Volume fraction profile (ϕA : solid, ϕB : dashed)for planar
liquid-liquid interface at strong segregation (∆χ = 0.1, Orange) and weak
segregation (∆χ = 0.001, blue). (Note χc = 2) (b) Corresponding normalized
grand potential density for spherically curved interface  as a function of radial
ω (r)−ωp (z)
distance. (r) = maxs|ωs (r)−ω
. Interfaces are pinned at r = 1000 and
p (z)
z = 1000, respectively.
The mechanical parameters of the interface are found by comparing the grand
potential of the planar interface with those found in cylindrical or spherical
geometry. We use the coordinate r for non-planar geometries and note that
r = 0 is the center coordinate. Upon curving the interface small deviations
for the tanh-profiles occur. As a result also the grand potential density profile
ω(r) deviates from the corresponding ωp (z). In the planar interface ωp (z) has
a maximum positive value at the point where ϕ(z) = 0.5, i.e. at z = z ∗ , and
the grand potential density decays exponentially to zero with length scale ξ.
This function is exactly symmetric meaning that ω(z ∗ − a) = ω(z ∗ + a) for all
values of a. In curved geometries this is no longer the case as illustrated in
Fig. 3.4b. The grand potential density difference (r) (see the legend for the
definition of this difference; the absolute value of ω is a strong function of ∆χ
and therefore we normalised the grand potential density differences so that a
comparison is possible) has a positive excursion for r-values smaller than the
interface position r = r∗ (here r∗ = 1000) and a negative excursion for larger r.
In the weak segregating case the width of the interface is wide and therefore
the (r)-profile varies further away from the position of the interface as well.

Interfacial tension and bending rigidities of monomeric L/L
interface

Figure 3.5: (a) Interfacial tension γ in units of [kB T b−2 ] as a function of
∆χ = χ−χc in log-log coordinates (b) Mean κ (solid line) and Gaussian bending
rigidities κ̄ (dashed line) in units of [kB T ] as a function of ∆χ. Relevant slopes
are indicated. Results are presented for monomeric L/L interface.
19

3. Elastic Properties of Symmetric Liquid-Liquid Interfaces
In the chapter we have presented results for the interfacial tension γ as
well as the bending rigidities κ and κ̄ for symmetric interfaces with molecular
weights N = 2, 20 and 200 as a function of ∆χ = χ − χc . Similar results for
the N = 1 system, that is for the van der Waals interface, are presented in
fig. 3.5. As expected the results are extremely close to those presented in the
text for N = 2: In good approximation γ ∝ (∆χ)3/2 . The same power-law
dependencies are found for the mean and Gaussian bending rigidities. For all
values of ∆χ that we can reliably evaluate in the current implementation of
the SF-SCF equations (up-to χ ≈ 2.3), the Gaussian bending rigidity follows
the mean bending rigidity. In other words, in this case we do not witness the
sign switch for the monomeric system. However, we do expect that for for the
van der Waals interface the Gaussian bending will change its sign, but this
should happen for χ > 2.3. The ratio between κ̄/κ ' 0.5 for all values of ∆χ.
A slight deviation in the power law scaling near ∆χ = 10−3 is attributed to
computation complications.

Finite chain length effects for interfacial tension and the mean
bending rigidity in the weak segregation regime

√
0
0
Figure 3.6: (a)
√ γ as a function of 1/ N . Blue line is a linear fit γ '
(0.20 + 0.20/ N ) This implies at weak segregation
regime γ ' (0.20 +
√
0.20 √1N )N ∆χ3/2 . (b) κ0 as a function of 1/ N . Dashed blue line is a
√
linear fit κ0 ' (11.26 − 10.22/ N ). This implies at weak segregation regime
κ ' (11.26 − 10.22 √1N )N ∆χ3/2
In the main text it was shown that in weak segregation, that is for the
systems where the interfacial width exceeds the coil size Rg , γ ∝ N (∆χ)3/2
and κ ∝ N (∆χ)3/2 . As the ratio κ̄/κ = 0.5, the Gaussian bending rigidity
follows the same law. In an attempt to find the prefactor (which implements
finite chain length effects), we note that the mentioned laws are limiting law
that apply for long chains. Inspired by finite chain length corrections known
for the interfaces
p in microphase segregation [34], we consider prefactors of the
type A + B/ (N ). To this end we define γ 0 = γ/(N (∆χ)3/2 ) and similarly
p
κ0 = κ/(N (∆χ)3/2 ) and plot these quantities as a function of 1/ (N ) in fig 3.6.
Red dots represent the numerical values estimated from SF-SCF calculations.
Blue dashed line is a linear fit. As anticipated the linear fit is acceptable and
higher order correction of the type 1/N are not needed. small maximum and
the height of this maximum is a weakly linear function of the chain length N .
Trends observed in Fig. 3.6a, 3.6b prove that for the interfacial tension
the prefactor grows with decreasing N , that is γ ' (0.20 + 0.20 √1N )N ∆χ3/2 ,
whereas the negative slope for mean modulus implies that the prefactor decreases
with decreasing N : κ ' (11.26 − 10.22 √1N )N ∆χ3/2 . At strong segregation for
both γ as well as for the bending modulus the proportionality
constants are
p
independent of N . These results reflect on values of λ = κ/γ. Both limits of
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√
λ is expected feature finite chain length effects that decay with 1/ N (shown
for weak segregation limit in Fig. 4). These corrections obviously become
relatively large for N of order unity. We argue that it is reasonable to find that
λ is of order segment size b: (i) in the strong segregation, where both polymers
are in the melt state, the N -effects are small. (ii) in weak segregation when
the interface is much larger than the coil sizes, the properties of the system
should be universal, i.e. not dependent on N .

√
Figure 3.7: Cross-over length λ as a function of 1/ N at ∆χ = 10−3 (weak
√
segregation limit). Fit line (blue dashed) shows that λws = (7.86 − 6.92/ N )
for N > 2. Fit excludes the λ for N = 200 at ∆χ = 10−3 did not reach the
limiting value λws (cf. Fig. 2a in the main text).

The interfacial width and the density difference.

Figure 3.8: (a) Interfacial width and (b) Density difference as a function of
closeness to bulk critical point for various N . Relevant slopes are indicated.
In Fig. 3.8a and 3.8b, the interfacial width and the density difference is
presented as a function of ∆χ in double logarithmic coordinates for three values
of the molecular weights N = 2, 20 and 200. For the weak segregation regime,
that is when the width W exceeds the coil size Rg we find van der√Waals like
scaling: W ∝ (∆χ)−1/2 and√the density difference obeys to ∆ϕ ∝ N (∆χ)1/2
(Figure not shown). The N in the latter dependence can be understood
from the notion that for weak segregation the van der Waals theory suggests
γ ∝ (∆ϕ)2 /W ∝ N (∆χ)3/2 .[14]
Our interest goes again to the proportionality constants for these scaling
dependencies. Interestingly, for the density difference we find for all chain length
∆φ = 1 in strong segregation and in weak segregation
the proportionality
√
constant is independent of N : ∆ϕ = 1.22 N (∆χ)1/2 . For W we have
non-trivial prefactors both in the weak as well as in the strong segregation
limits. Similarly as for the interfacial tension and the rigidities, we define
W 0 = W/((∆χ)−1/2 ). Using this, we find for weak segregation (cf fig. 3.9a)
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that the width of the interface obeys W = (0.94 +√0.93/N )∆χ−1/2 while at
strong segregation (cf Fig. 3.9b) W = (0.82 + 0.84/ N )∆χ−1/2
√.
Note that only in the strong segregation case we have the 1/ N -type finite
chain length correction for W . This dependence is consistent with the N dependence for the sign switch of κ̄ (analysed for sufficiently long chains).
This leads us to believe that the width of the interface is leading the sign
switch of κ̄. In the text we mention that the Gaussian bending rigidity changes
sign when the width of the interface is three to four times the segment size.
Numerically the correspondence between the sign switch and the finite chain
length correction for the width W do not exactly match. We argue that this
is because the sign switch actually takes place in the cross-over regions, that
is for short chains it happens in the weak segregation while for longer chains
(most of the systems) it occurs in the strong segregation regime.

Figure 3.9: (a) W 0 as a function of 1/N in weak segregation (∆χ < 10−3 ).
Dashed
blue line is a linear fit W 0 ' (0.94 + 0.93/N ). (b) W 0 as a function of
√
1/ N in strong segregation
(∆χ > 5 × 10−2 ) regime. Blue line is a linear fit
√
0
W ' (0.82 + 0.84/ N ).

Interfacial tension and bending rigidities in the absence of
non-local interactions.
The purpose of this section is to prove that the SF-SCF formalism gives
essentially the same results as the SCF theory used for microphase segregation,
provided that in the SF-SCF calculations we introduce the approximation that
hϕ(r)i → ϕ(r). This approximation is typically used in the SCF theory for
microphase segregation, whereas in the SF-SCF theory the non-local interactions
are typically taken into account. We focus on the interfacial tension and the
binding rigidities for polymeric interfaces as reported by Matsen [5]. We will
refer to the latter theory as M-SCF, and use m-SF-SCF for the modified SF-SCF
formalism.
Both m-SF-SCF as M-SCF need to evaluate the chain partition functions.
In both approaches the Edwards diffusion equation is evaluated:
∂G
1
= ∇2 G − uG
∂N
6

(3.5)

In the m-SF-SCF this equation is mapped on a lattice using a finite difference
approach. The polymers are taken to be built up by segments with ranking
numbers s = 1, 2, · · · , N and the space is discretized by a lattice. The lattice
site size is taken identical to the segment size so that there is a single length
scale b in the problem. The Edwards equation on the lattice results in socalled propagators, which formally implies a change of the chain model from
a Gaussian chain (Edwards equation) to a freely jointed chain model with
a limited number of step directions. As long as the chains are not strongly
stretched the difference between the Gaussian chain model and the freely jointed
chain can be ignored.
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Figure 3.10: Comparison of SCF results for polymeric interfaces when in the
SCF theory non-local interactions are not taken into account: (Black line) MSCF (N = 200), (Cyan line) m-SF-SCF. (a) The interfacial tension in kB T /b2 .
(b) Mean bending rigidity in units of kB T (c) Gaussian bending rigidity in units
kB T as a function of ∆χ. (d)
√ Comparison of interfacial tension with analytical
strong segregation theory: γ N as a function of χN . All quantities are plotted
in double logarithmic coordinates. All graphs are inspired by similar graphs
found in ref [5] from where also the M-SCF results were extracted.

In the M-SCF approach the discretization is done using a finite elements
approach. Formally the walk along the contour is arbitrarily split up in short
contour elements, the number of these elements is independent of the real chain
length N ; the idea is that the chain is seen as an thin featureless thread. In
doing so, the results are valid in the infinite chain length limit and the results
are typically presented with χN as a single parameter. We therefore should
expect that m-SF-SCF and M-SCF can only give corresponding results when in
m-SF-SCF the chain length is sufficiently large. Without mentioning otherwise
we have implemented N = 200. Note that in m-SF-SCF the theory will fail to
model L/L interfaces in the limit of N → 1.
Both approaches need an iterative method to find the SCF solutions. The
’kitchen’ of how this is precisely done is not the topic of this comparison.
Assuming that this iterative method is done with the appropriate accuracy,
the different approaches should not be relevant. Indeed the good comparison
shown below implies that both approaches did what they claimed to do, namely
that the accuracy of the SCF solution is sufficient to find numerically accurate
results for the mean and Gaussian bending rigidities as well as for the interfacial
tension.
In Fig. 3.10 we present the comparison of results for the interfacial tension
and the bending rigidities for the m-SF-SCF and the M-SCF theories. When
we discuss these results we will contrast these with the full SF-SCF results that
are presented in the chapter.
In Fig. 3.10a we show results for the interfacial tension. As can be seen
both approaches match accurately. The power-law scaling at large ∆χ reveal
the 1/2 slope which is also found in the complete Sf-SCF theory. For weak
segregation it is found that γ decreases steeper than the 1/2 scaling. Unlike in
full SF-SCF where the slope of 3/2 is found, here the results are more leaning
to the slope of unity. The fact that near the critical point the mean field results
are not expected to be accurate, explains why not much attention was given
to the weak segregation results in the microphase segregation community. In
Fig. 3.10d it is shown that for strong segregation the numerical m-SF-SCF as
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well as the M-SCF approach the strong segregation limiting law predicted by
analytical theory (dashed line).
In Fig. 3.10b we present results for the mean bending rigidity as a function
of ∆χ in double logarithmic coordinates. Note the negative sign along the
y-axis. Indeed, both in m-SF-SCF as well as in M-SCF the mean bending
modulus is negative for all values of ∆χ. Also in both approaches −κ is
non-monotonic: the absolute value first increases and then decreases with
increasing ∆χ. These results are in stark contrast with full SF-SCF results for
which the mean bending modulus is positive and grows monotonically with ∆χ,
showing two regions of scaling with slopes 3/2 and 1/2 for weak and strong
segregation, respectively.
The Gaussian bending rigidity is presented in Fig. 3.10c. Again m-SF-SCF
and M-SCF are in full agreement: κ̄ is positive for all values of ∆χ. Similarly as
for the mean bending rigidity a non-monotonic dependence is found. The ratio
κ̄/κ is a function of ∆χ. Again the results are in strong conflict with the full
SF-SCF ones for which a sign switch was predicted. Moreover in full SF-SCF
both in weak and strong segregation the ratio κ̄/κ was shown to assume fixed
values of 0.5 and −1.5, respectively. These fixed ratio’s do not occur in the
M-SCF results.
Conclusions regarding the comparison. (i) We have shown that m-SF-SCF
predictions for for the interfacial properties of polymeric interfaces did not
significantly deviate from the M-SCF predictions. Both approaches use the
same way to pin the interface to a specified location which allows the bending
at fixed chemical potentials, both approaches use the same Edward diffusion
equation and both approaches solve the equations numerically accurate. We
see this as a support that also the full SF-SCF results are numerically accurate.
(ii) The difference between full SF-SCF and the m-SF-SCF/M-SCF results is
large. Results not only differ quantitatively, even qualitatively they do not
match. The sign of the bending modulus differs. The functionality with ∆χ is
completely different. The same applies for the Gaussian bending rigidity. In
the full calculations we see a sign switch, which appears to be absent
p in the
m-SF-SCF/M-SCF results. (iii) In full SF-SCF the length scale λ = κ/γ with
a clear physical interpretation, follows meaning-full trends. In m-SF-SCF as
well as in M-SCF the value of λ can not even be computed because κ is negative,
and hence λ is meaningless. (iv) As the only difference between full SF-SCF
and m-SF-SCF rests in the approximation hϕ(r)i ≡ ϕ(r), we now argue that
hϕ(r)i can not be approximated by ϕ(r). Non-local contributions are essential
to find accurate predictions for the (mean field) results near the bulk critical
point (for all quantities) and importantly for the mean and Gaussian bending
rigidities at strong segregation.
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CHAPTER 4

Liquid-Liquid interfaces at strong
and weak segregation limit

Bending rigidities of tensionless balanced liquid-liquid interfaces as occurring in
microemulsions are predicted using self-consistent field theory for molecularly
inhomogeneous systems. Considering geometries with scale invariant curvature
energies gives unambiguous bending rigidities for systems with fixed chemical
potentials: The minimal surface Im3m cubic phase is used to find the Gaussian
bending rigidity, κ̄, and a torus with Willmore energy W = 2π 2 allows for
direct evaluation of the mean bending modulus, κ. Consistent with this, the
spherical droplet gives access to 2κ + κ̄. We observe that κ̄ tends to be negative
for strong segregation and positive for weak segregation; a finding which is
instrumental for understanding phase transitions from a lamellar to a spongelike microemulsion. Invariably, κ remains positive and increases with increasing
strength of segregation.

25

4. Liquid-Liquid interfaces at strong and weak segregation limit
Interfaces characterized by dense surfactant packings, such as microemulsions
[42–44] and biological membranes [45] that are found naturally or manipulated
artificially to be in a state of near-zero tension, have extensive areas. Often
such interfaces feature a spontaneous curvature that manifests in spherical
or cylindrical (swollen) micelles [46, 47]. When a system is tensionless and
precisely balanced—typical for single component bilayers and expected for the
middle-phase microemulsions—the interface’s spontaneous curvature vanishes
[14] and ultra-low interfacial energies can be achieved [48, 49]. Here, the elastic
moduli, mean (κ) and Gaussian (κ̄) bending rigidities, control the interface
fluctuations and topology, respectively. Such systems show a first-order phase
transition from lamellar to sponge-like phases, e.g., upon an increase of the
temperature for nonionic systems, and a change of the salinity for ionic systems
[44, 48, 50]. A pre-eminent challenge is to predict, from a molecular model
for such interfaces, a means to induce a sign change in the κ̄ from negative
to positive; this signals the loss of stability of the lamellar, Lα , oil-surfactantwater ordering in favor of a phase with saddles, L3 or sponge-like. Another
long-standing problem is understanding the relation between surfactant chain
architecture and corresponding bending rigidities [51, 52].
Earlier theoretical methods [53, 54], experiments [55–57], and simulations
[58, 59] that attempted to link bending rigidities to molecular properties did
not provide information on κ̄; moreover, the results for κ were not consistent
with each other. Therefore uncertainties prevail and these persist also because
internal checks for presented rigidities are rarely provided. As a result, there
exists no accepted molecular level theory that convincingly links molecular
characteristics to both mechanical parameters of the interfaces (κ and κ̄).
Notably, the missing information for κ̄ is remarkable as its magnitude and, in
particular, its sign are fundamental to the understanding of microemulsions.
The primary obstacle in establishing a molecular model for determining
bending rigidities is the requirement of curving the interface at fixed chemical
potentials. In this letter, we propose an elegant protocol with internal checks
to find these rigidities. We consider interfaces with scale invariant curvature
energies and illustrate the protocol for tensionless, balanced liquid-liquid (L/L)
interfaces. In line with experimental findings, we report the existence of a
sign switch for κ̄ which triggers a phase transition from planar to sponge-like
phases in middle-phase microemulsions. We focus on the role of the interaction
parameter which in strong segregation has a large value and for weak segregation
a small value; further, we elaborate on the role of the molecular weights of the
solvents and that of the amphiphile.
Experiments, simulations, and calculations [53–59] reviewed above have
major disadvantages and ambiguities because the systems featured too many
complications. We examine a tensionless balanced interface which still is
highly relevant to middle-phase microemulsion systems wherein oil and water
are separated by a surfactant film with extensive areas and often a complex
interface topology. Our focus on tensionless (interfacial tension γ = 0) balanced
(spontaneous curvature J0 = 0) L/L interface avoids the complications of a
finite Laplace pressure (i.e. ∆PL = 0) when imposing some interfacial curvature.
Such a model is readily implemented in the Scheutjens-Fleer Self-Consistent
Field theory (SF-SCF) for molecularly inhomogeneous systems. We can consider
this idealized system in three different geometries with scale-invariant curvature
energies. The latter is essential, as it allows for an analysis in the grand
canonical ensemble (µ, V, T ), which opens a convincing route to estimate the
rigidities: (i) A spherically curved droplet with ∆PL = 0 is used to find 2κ + κ̄;
(ii) A minimal Im3m surface (by construction has ∆PL = 0) is used to find
κ̄; (iii) A minimal torus interface is used to find κ also for conditions that
∆PL = 0.
We note that the route to obtain rigidities of balanced tensionless L/L
interfaces shows similarities but also important differences from the symmetric
freely dispersed lipid bilayers [24]. For bilayers, we could use the Im3m cubic
phase and the spherical vesicle to find κ̄ and 2κ + κ̄, respectively. The
cylindrically curved vesicle could be used to obtain κ in two ways: (i) As
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the number of lipids per unit area is found to be a constant (i.e., not a
function of the radius R of the cylindrical vesicle), κ was found from the excess
Helmholtz energy per unit length, Fcσ , i.e., κ = RFcσ /π; (ii) Realizing that
the grand potential of the cylindrical vesicle per unit length Ωc is split up
equally into bending energy and stretching energy, κ is also found from (half)
the grand potential density per unit length, i.e. κ = RΩc /(2π). However, for
the tensionless balanced L/L interface, curved in cylindrical geometry with
∆PL = 0, κ can neither be computed from the Helmholtz energy per unit length,
nor from the grand potential per unit length, as there is neither a conservation
of the number of surfactant per unit area nor a conservation of the chemical
potentials of the molecules of the system, cf. Figs. (4.1c) and (4.1d) shown
below. Importantly, in the L/L interface, we do not find a coincidental equal
splitting of curvature and tension energies. Following Helfrich, by expanding
the interfacial tension (γ) in mean curvature (J = 1/R1 + 1/R2 ) and Gaussian
curvature (K = 1/R1 R2 ), with R1 , R2 being principle radii of curvature as
γ(J, K) − γ(0, 0) = −κJ0 J +

1 2
κJ + κ̄K,
2

(4.1)

we identify γ(J, K) as the appropriate characteristic function that carries the
bending information for curving the interface at constant chemical potentials
[16]. This expansion is the starting point for our analysis of interfacial
equilibrium properties, as it appears, refer Fig. (4.1d), for the balanced L/L
interface, we find curved interfaces that exist at chemical potentials equal to
that of the ground state (tensionless balanced planar interfaces) not only for
the surfactant but also for the two solvents. Note, that in this system, both
γ(0, 0) = 0 and J0 = 0, Eqn. (4.1) simplifies to γ(J, K) = 12 κJ 2 + κ̄K.
Within SF-SCF framework, extremizing the mean field free energy for
a molecularly inhomogeneous system provides both structural and accurate
thermodynamic information [22, 24–26, 60–62]. We have implemented a coarsegrained molecular model in which there are two types of spherically symmetric
segments A and B. These segments are used in two solvents, each with length
n, An and Bn forming the two liquid phases α and β, respectively, and in
a diblock copolymer composed of blocks of equal length N , AN BN . This
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Figure 4.1: (a) Volume fraction distribution and (b) Lateral pressure distribution
(in kB T /b3 ) in a planar tensionless interface. (c) Area per surfactant molecule
(Γ) [in units b2 ] and (d) Chemical potential of surfactant (µ ≡ µs ) [in units of
kB T ] as a function of interface curvature as indicated for systems with ∆PL = 0.
Surfactant A30 B30 , solvents, A4 and B4 . χ = 0.6
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4. Liquid-Liquid interfaces at strong and weak segregation limit
approach requires molecular partition functions, which are evaluated within a
lattice considering the molecules as freely jointed chains. Accordingly, segments
fit on lattice sites. The lattice sites are organized as homogeneously curved- or
planar layers. Driven by the segregation between the segments, an interface
develops on which the lattice geometry imposes the curvature. Segment density
gradients can only develop in the direction perpendicular to such interface, as
a mean field approximation is implemented in lattice layers ‘parallel’ to the
interface. In the absence of density gradients, the model is equivalent to the
Flory-Huggins theory. There is just one Flory-Huggins interaction parameter
(χ) between monomers A and B. We choose a value slightly above the critical
point of the binary solvent (χcr = 2/n). Below the minimum value used for n
is 4, and the interaction is chosen between χ = 0.52 - 0.68 (for more details on
method and model refer supplemental material [28]).
Volume fraction profiles, ϕ(z), and the lateral pressure distribution, p(z) =
−ω(z), with ω as the grand potential density, are presented for the default
planar tensionless L/L interface, in Figs. (4.1a) and (4.1b). Here, z ≡ z/b is
the dimensionless normal coordinate. In Fig. (4.1a) we see that the two liquids
give a Van der Waals-like profile and the accumulated copolymers have their
blocks on corresponding sides of the interface. The pressure profile p(z), see
Fig. (4.1b), has a negative excursion at the interface due to the contribution
from the L/L interface and positive ‘wings’ on either side of the interface due
to the overlap of copolymers
P in a brush-like configuration. From earlier work
[63], we know that γ = − z p(z) and that the second moment of the pressure
distribution
to the Gibbs plane (Rg ) provides a direct estimate
P with respect
of κ̄ =
−(z − Rg )2 p(z). The latter relation proved useful for the evaluating
κ̄ of lipid bilayers, and presents a strong test for alternative, more elaborate
routes to obtain the same quantity.
Similar as for lipid bilayers, an independent alternative route for evaluating
κ̄ makes use of three-gradient SCF computation as shown in Fig. (4.2a), where
on all six faces of the elementary box, Neumann boundary conditions apply;
the elementary box is 1/8th of a unit cell of an Im3m phase, 8 unit cells are
shown in Fig. (4.2b). When equal amounts of A and B are present in the
system, the interface splits the volume into two identical sub-volumes (phase α
and β) while J = 0 along the surface and ∆PL = 0. As soon as the copolymers
are added, such that the chemical potential of all molecular species is equal
to the corresponding values of the planar tensionless system,
P we lie within
an (µ, V, T )-ensemble; thus, the grand potential, Ω = F − j µj nj , is the
R
characteristic function, and Ω = κ̄ M KdA. Using Gauss-Bonnet theorem for
compact, boundary-less Riemann manifold, the integral of curvature over the
area can be evaluated as −8π [64, 65]. Thus, the grand potential for the unit
cell, Ω = −8πκ̄. Hence, from the scale-invariant grand potential Ω directly
follows κ̄. The result is consistent with the second moment over the pressure
profile (see Tab. (1) in supplemental material [28]).
The procedures to evaluate κ are more involved. In Figs. (4.1c) and
(4.1d), we have presented typical results for spherically and cylindrically curved
interfaces when ∆PL = 0 as a result of the adsorption of the copolymers. In
Fig. (4.1c) we show the area per copolymer at the interface (inverse of the
adsorbed amount) and in Fig. (4.1d) the corresponding chemical potentials
as a function of the curvature J. In Fig. (4.1d) we notice that the chemical
potentials remain constant upon bending in case of spherical curvature. This
means that in this geometry bending is performed in the (µ, V, T )-ensemble.
The reason why the system can maintain its chemical potentials upon bending
of the interface
is traced to the known fact that integrating Eqn. (4.1) over the
R
area, Ω = M γ(J, K)dA = 4π(2κ + κ̄), is a constant irrespective of the size of
the spherical droplet showing scale invariance.
Now an indirect route is available to compute κ, namely from combining the
total curvature energy from the spherical droplet with the Gaussian bending
modulus κ̄ found above. Ideally, we would like to validate this indirect route
with a direct estimate.
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Figure 4.2: Volume fraction distribution of α−phase from 3D SCF calculation of
interface modeled as Im3m cubic phase. 1/8 of a unit cell is shown in (a) 8 unit
cells are shown for visualization in (b). Schematic illustration of an interface
in torus shape is shown in (c). Volume fraction distribution of α−phase from
2D SCF calculation of minimal torus in a cylindrical lattice is shown in (d).
The molecular model is similar as in Fig. 4.1. Color scale from blue to red is
0.2 − 0.8 for all contours.
Again, as in the cylindrical geometry, neither the adsorbed amount of
surfactant, cf. Fig. (4.1c), nor the corresponding chemical potential, cf. Fig.
(4.1d), is conserved, and we cannot use this geometry to obtain κ. A direct
route to evaluate the mean bending modulus is still possible using a system
that features a minimal torus, as illustrated in Fig. (4.2c). Within SF-SCF
this is realized using a two-gradient (r, z) cylindrical lattice. A typical result
is presented in Fig. (4.2d) as a density contour plot in the (r, z) cross-section.
R
From Gauss-Bonnet theorem, as the torus has genus g = 1 the integral M KdA
vanishes. Moreover, the so-called Willmore
energy of the torus has contribution
R
only from mean curvature, W = 41 M J 2 dA.
In 1965, T.J. Willmore conjectured that the Willmore energy (W ) of a
smooth torus immersed in 3D space is always greater than or equal to 2π 2 [66].
This conjecture was proved by Marques and Neves in 2012 [67]. The
√ Willmore
energy reaches its minimum when the radius of revolution is 2 times the
radius of the generating circle, as shown in Fig. (4.2d). By integrating the
Helfrich equation for the toroidal configuration with Rminimal Willmore energy,
we obtain the grand potential for torus as, Ωt = 12 κ M J 2 dA = 2κW = 4π 2 κ.
Now the protocol boils down to generating this minimal torus in SF-SCF
while adding the copolymer such that ∆PL = 0. It occurs that in this case,
the system converges with all its chemical potentials equal to that of the
planar tensionless interface and lies within the (µ, V, T )-ensemble. Similar as
in the droplet case this result is traced to the scale invariance, in this case of
the minimal Willmore energy. Its grand potential gives a direct estimate of
κ = Ωt /4π 2 .
The values found for κ by the direct and indirect routes are congruent,
proving that there is complete consistency in obtaining the bending rigidities,
using scale-invariant surfaces, for tensionless balanced L/L interfaces [28]. Our
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Figure 4.3: Chain length dependence of bending rigidities [in units of kB T ]. (a)
and (b) N > n Regime: Chain length of bulk phases fixed (A4 , B4 ), surfactant
chain length is varied (AN BN , where 20 < N < 50; 0.1 < ∆χ < 0.2). (c) and
(d) N ≈ n Regime: Chain length of bulk phases fixed (A20 , B20 ), surfactant
chain length is varied (AN BN , where 16 < N < 20; 0.3 < ∆χ < 0.4).

protocol is available at https://wp.me/p7KmNt-9C as an open-source software
package.
As we have established the molecular link for bending rigidities, we now
present the chain length dependence of the bending rigidities for the regime
where N > n in in Fig. (4.3a) and (4.3b), and for N ≈ n in Fig. (4.3c) and
(4.3d). The trends for N > n support the results from simulations [58, 59, 68].
While it would be alluring to conclude that bending rigidities have a linear
dependence on the chain length of the surfactants, results in regime n ≈ N
contradict this observation and the dependences are clearly nonlinear, see Figs.
(4.3c) and (4.3d). It is observed that the dependence of rigidities on surfactant
chain length is strongly influenced by solvent chain length and interaction
parameter between monomeric units, an important effect which has not been
addressed in previous works [51–59]. A thorough analysis of the magnitude
of κ is, however, beyond the scope of the present letter and will be presented
elsewhere.
Moving from the regime where the solvent length is smaller compared to
the surfactant block length, n < N , to the regime where the solvent length
is comparable to that of the surfactant, we observe that κ̄ is of opposite sign,
cf. Figs. (4.3a) and Fig. (4.3c). Such a sign switch is of exceptional interest,
as it addresses a topological phase transition in microemulsions that can be
achieved in two ways: (1) by tuning the interaction parameter for fixed solvent
and surfactant lengths and (2) by tuning solvent length for fixed surfactant
length and ∆χ = χ − 2/n.
In Fig. (4.4a) the dependence of both κ and κ̄ are shown for surfactant
block length of N = 20 as a function of a measure of closeness to the critical
point of the binary solvent ∆χ. The Gaussian bending modulus, κ̄, switches
from negative to positive when moved towards weak segregation; this transition
occurs earlier in higher n (dashed line) for fixed N .
A similar effect can also be achieved by tuning the surfactant chain length
for a given solvent chain length and interaction energy (∆χ). Experimentally,
one can reach weak segregation by the addition of a suitable co-solvent which
diminishes the difference between the two primary solvents.
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the mean
p field model n, Npare related to the radii of gyration in the bulk as
Rg = b n/6) and RG = b 2N/6, for the solvent and copolymer respectively,
where b is bond length.

A summary of results, obtained by tuning N , is presented as a ‘phase
diagram’ in Fig. (4.4b). The two governing parameters, i.e., block length
of the copolymer and the chain length of the solvent are on the x− and
y−axis, respectively. The interaction parameter is chosen as ∆χ. By tuning
the surfactant length for given interactions (∆χ) and solvent chain length, κ
increases and κ̄ decreases monotonically, also showing a sign switch at the solid
lines.
These results imply the tendency of the interface to remain planar on average
when n << N . This result is contrasted with the situation when the length
of the solvent molecules is increased to be similar, n ≈ N , or even larger than
that of the copolymer, n > N ; κ̄ becomes positive in this regime while κ is
small but positive. For large n, we have κ̄ > 0; 0 < κ < 1. These features are
consistent with a sponge phase (Winsor III) [47] which grows in importance
with reducing χ. Stable but very flexible, and strongly fluctuating lamellar
phases (as κ̄ < 0 and 0 < κ < 1) are observed as N is increased for fixed n,
whereas for very large N , κ is > 1, and we enter a region where the fluctuations
of the interface are weak, crossing the dashed lines, as shown in Fig. (4.4b).
We have linked molecular characteristics to bending rigidities for surfactantcovered L/L interfaces. Using surfaces with scale-invariant curvature energies
is embellished as an elegant route to determine κ and κ̄ unambiguously; this
route cautiously exploits the tensionless state of the interfaces and avoids the
linear term in curvature. Large deviations from these constraints imply the loss
of the microemulsion middle-phase in favor of emulsions with oil-in-water or
water-in-oil droplets; however, understanding the effects of small deviations is
vital, as it is a prerequisite for any detailed comparison with experiments. The
current analysis provides a natural starting/reference point to generalize for
molecular asymmetry, spontaneous curvature and finite tension of the interfaces.
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APPENDIX A

The First Appendix

The Ideal can not take account of, so far as I know, our faculties. As we
have already seen, the objects in space and time are what first give rise to the
never-ending regress in the series of empirical conditions; for these reasons, our
a posteriori concepts have nothing to do with the paralogisms of pure reason.
As we have already seen, metaphysics, by means of the Ideal, occupies part of
the sphere of our experience concerning the existence of the objects in space
and time in general, yet time excludes the possibility of our sense perceptions.
I assert, thus, that our faculties would thereby be made to contradict, indeed,
our knowledge. Natural causes, so regarded, exist in our judgements.
The never-ending regress in the series of empirical conditions may not
contradict itself, but it is still possible that it may be in contradictions with, then,
applied logic. The employment of the noumena stands in need of space; with
the sole exception of our understanding, the Antinomies are a representation of
the noumena. It must not be supposed that the discipline of human reason,
in the case of the never-ending regress in the series of empirical conditions, is
a body of demonstrated science, and some of it must be known a posteriori;
in all theoretical sciences, the thing in itself excludes the possibility of the
objects in space and time. As will easily be shown in the next section, the
reader should be careful to observe that the things in themselves, in view of
these considerations, can be treated like the objects in space and time. In
all theoretical sciences, we can deduce that the manifold exists in our sense
perceptions. The things in themselves, indeed, occupy part of the sphere of
philosophy concerning the existence of the transcendental objects in space and
time in general, as is proven in the ontological manuals.

A.1

First Section

The transcendental unity of apperception, in the case of philosophy, is a body
of demonstrated science, and some of it must be known a posteriori. Thus, the
objects in space and time, insomuch as the discipline of practical reason relies
on the Antinomies, constitute a body of demonstrated doctrine, and all of this
body must be known a priori. Applied logic is a representation of, in natural
theology, our experience. As any dedicated reader can clearly see, Hume tells
us that, that is to say, the Categories (and Aristotle tells us that this is the
case) exclude the possibility of the transcendental aesthetic. (Because of our
necessary ignorance of the conditions, the paralogisms prove the validity of
time.) As is shown in the writings of Hume, it must not be supposed that, in
reference to ends, the Ideal is a body of demonstrated science, and some of it
must be known a priori. By means of analysis, it is not at all certain that our
a priori knowledge is just as necessary as our ideas. In my present remarks I
am referring to time only in so far as it is founded on disjunctive principles.
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A.2

Second Section

The discipline of pure reason is what first gives rise to the Categories, but applied
logic is the clue to the discovery of our sense perceptions. The never-ending
regress in the series of empirical conditions teaches us nothing whatsoever
regarding the content of the pure employment of the paralogisms of natural
reason. Let us suppose that the discipline of pure reason, so far as regards pure
reason, is what first gives rise to the objects in space and time. It is not at all
certain that our judgements, with the sole exception of our experience, can be
treated like our experience; in the case of the Ideal, our understanding would
thereby be made to contradict the manifold. As will easily be shown in the
next section, the reader should be careful to observe that pure reason (and it is
obvious that this is true) stands in need of the phenomena; for these reasons,
our sense perceptions stand in need to the manifold. Our ideas are what first
give rise to the paralogisms.
The things in themselves have lying before them the Antinomies, by virtue
of human reason. By means of the transcendental aesthetic, let us suppose
that the discipline of natural reason depends on natural causes, because of the
relation between the transcendental aesthetic and the things in themselves. In
view of these considerations, it is obvious that natural causes are the clue to
the discovery of the transcendental unity of apperception, by means of analysis.
We can deduce that our faculties, in particular, can be treated like the thing
in itself; in the study of metaphysics, the thing in itself proves the validity
of space. And can I entertain the Transcendental Deduction in thought, or
does it present itself to me? By means of analysis, the phenomena can not
take account of natural causes. This is not something we are in a position to
establish.
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The Second Appendix

Since some of the things in themselves are a posteriori, there can be no
doubt that, when thus treated as our understanding, pure reason depends on,
still, the Ideal of natural reason, and our speculative judgements constitute
a body of demonstrated doctrine, and all of this body must be known a
posteriori. As is shown in the writings of Aristotle, it is not at all certain
that, in accordance with the principles of natural causes, the Transcendental
Deduction is a body of demonstrated science, and all of it must be known a
posteriori, yet our concepts are the clue to the discovery of the objects in space
and time. Therefore, it is obvious that formal logic would be falsified. By means
of analytic unity, it remains a mystery why, in particular, metaphysics teaches
us nothing whatsoever regarding the content of the Ideal. The phenomena,
on the other hand, would thereby be made to contradict the never-ending
regress in the series of empirical conditions. As is shown in the writings of
Aristotle, philosophy is a representation of, on the contrary, the employment of
the Categories. Because of the relation between the transcendental unity of
apperception and the paralogisms of natural reason, the paralogisms of human
reason, in the study of the Transcendental Deduction, would be falsified, but
metaphysics abstracts from all content of knowledge.
Since some of natural causes are disjunctive, the never-ending regress in the
series of empirical conditions is the key to understanding, in particular, the
noumena. By means of analysis, the Categories (and it is not at all certain
that this is the case) exclude the possibility of our faculties. Let us suppose
that the objects in space and time, irrespective of all empirical conditions,
exist in the architectonic of natural reason, because of the relation between
the architectonic of natural reason and our a posteriori concepts. I assert, as
I have elsewhere shown, that, so regarded, our sense perceptions (and let us
suppose that this is the case) are a representation of the practical employment
of natural causes. (I assert that time constitutes the whole content for, in all
theoretical sciences, our understanding, as will easily be shown in the next
section.) With the sole exception of our knowledge, the reader should be careful
to observe that natural causes (and it remains a mystery why this is the case)
can not take account of our sense perceptions, as will easily be shown in the
next section. Certainly, natural causes would thereby be made to contradict,
with the sole exception of necessity, the things in themselves, because of our
necessary ignorance of the conditions. But to this matter no answer is possible.
Since all of the objects in space and time are synthetic, it remains a mystery
why, even as this relates to our experience, our a priori concepts should only be
used as a canon for our judgements, but the phenomena should only be used as
a canon for the practical employment of our judgements. Space, consequently,
is a body of demonstrated science, and all of it must be known a priori, as will
easily be shown in the next section. We can deduce that the Categories have
lying before them the phenomena. Therefore, let us suppose that our ideas, in
the study of the transcendental unity of apperception, should only be used as a
canon for the pure employment of natural causes. Still, the reader should be
careful to observe that the Ideal (and it remains a mystery why this is true)
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can not take account of our faculties, as is proven in the ontological manuals.
Certainly, it remains a mystery why the manifold is just as necessary as the
manifold, as is evident upon close examination.
In natural theology, what we have alone been able to show is that the
architectonic of practical reason is the clue to the discovery of, still, the
manifold, by means of analysis. Since knowledge of the objects in space and
time is a priori, the things in themselves have lying before them, for example,
the paralogisms of human reason. Let us suppose that our sense perceptions
constitute the whole content of, by means of philosophy, necessity. Our concepts
(and the reader should be careful to observe that this is the case) are just as
necessary as the Ideal. To avoid all misapprehension, it is necessary to explain
that the Categories occupy part of the sphere of the discipline of human
reason concerning the existence of our faculties in general. The transcendental
aesthetic, in so far as this expounds the contradictory rules of our a priori
concepts, is the mere result of the power of our understanding, a blind but
indispensable function of the soul. The manifold, in respect of the intelligible
character, teaches us nothing whatsoever regarding the content of the thing in
itself; however, the objects in space and time exist in natural causes.
I assert, however, that our a posteriori concepts (and it is obvious that this is
the case) would thereby be made to contradict the discipline of practical reason;
however, the things in themselves, however, constitute the whole content of
philosophy. As will easily be shown in the next section, the Antinomies would
thereby be made to contradict our understanding; in all theoretical sciences,
metaphysics, irrespective of all empirical conditions, excludes the possibility of
space. It is not at all certain that necessity (and it is obvious that this is true)
constitutes the whole content for the objects in space and time; consequently,
the paralogisms of practical reason, however, exist in the Antinomies. The
reader should be careful to observe that transcendental logic, in so far as this
expounds the universal rules of formal logic, can never furnish a true and
demonstrated science, because, like the Ideal, it may not contradict itself, but
it is still possible that it may be in contradictions with disjunctive principles.
(Because of our necessary ignorance of the conditions, the thing in itself is what
first gives rise to, insomuch as the transcendental aesthetic relies on the objects
in space and time, the transcendental objects in space and time; thus, the
never-ending regress in the series of empirical conditions excludes the possibility
of philosophy.) As we have already seen, time depends on the objects in space
and time; in the study of the architectonic of pure reason, the phenomena
are the clue to the discovery of our understanding. Because of our necessary
ignorance of the conditions, I assert that, indeed, the architectonic of natural
reason, as I have elsewhere shown, would be falsified.
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Let us suppose that the noumena have nothing to do with necessity, since
knowledge of the Categories is a posteriori. Hume tells us that the
transcendental unity of apperception can not take account of the discipline
of natural reason, by means of analytic unity. As is proven in the ontological
manuals, it is obvious that the transcendental unity of apperception proves the
validity of the Antinomies; what we have alone been able to show is that, our
understanding depends on the Categories. It remains a mystery why the Ideal
stands in need of reason. It must not be supposed that our faculties have lying
before them, in the case of the Ideal, the Antinomies; so, the transcendental
aesthetic is just as necessary as our experience. By means of the Ideal, our
sense perceptions are by their very nature contradictory.
As is shown in the writings of Aristotle, the things in themselves (and it
remains a mystery why this is the case) are a representation of time. Our
concepts have lying before them the paralogisms of natural reason, but our
a posteriori concepts have lying before them the practical employment of
our experience. Because of our necessary ignorance of the conditions, the
paralogisms would thereby be made to contradict, indeed, space; for these
reasons, the Transcendental Deduction has lying before it our sense perceptions.
(Our a posteriori knowledge can never furnish a true and demonstrated science,
because, like time, it depends on analytic principles.) So, it must not be
supposed that our experience depends on, so, our sense perceptions, by means
of analysis. Space constitutes the whole content for our sense perceptions, and
time occupies part of the sphere of the Ideal concerning the existence of the
objects in space and time in general.
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