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The Cultural Revolution: Ecological and Social

VINCENZO BALZANI
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Our world is sick because of the bad relationship between human society and the planet and even more because
of the discords within human society itself. We are slipping more and more towards ecological and social unsustain-
ability. Both scientists and philosophers say it, and Pope Francis highlights these views in the Laudato Si: “ Dooms-
day predictions can no longer be met with irony or disdain. [..] The pace of consumption, waste and environmental
change has so stretched the planet’s capacity that our contemporary lifestyle, unsustainable as it is, can only precipi-
tate catastrophes”.! Here then, as the Pope writes, “ bold cultural revolution” is needed.?

The myth of a continuous and permanent growth has dominated human society for several years. An absurd
myth that leads us to consider our planet only as a container of resources, without limits. The planet is actually a
system with limited resources, consisting of chemical elements and their compounds, some relatively abundant, oth-
ers scarce. In addition, resources are unevenly distributed across the planet, so there is a strong competition between
peoples and between nations to get hold of them.

Investigations by the international agency Oxfam show that the gap in inequality between rich and poor, both
at the level of people and nations, continues to widen without restraint.® Thus, as Pope Francis wrote in the Laudato
Si, “ We are faced not with two separate crises, one environmental and the other social, but rather with one complex
crisis which is both social and environmental”.*

In the most recent encyclical Fratelli Tutti Pope Francis explains that the cultural revolution that is necessary to
achieve ecological and social sustainability cannot be accomplished through some partial changes in the humans-
planet relationship or in the international relationships. Instead, the basis on which our cultures rest must be radical-
ly changed. We must accept and appreciate diversity, acknowledge our limits and recognize that we are all children
of God, brothers and sisters who are born, live and die in the same common home, planet Earth. In other words, the
mandatory cultural revolution requires that humans and nations pass from the situation of inhabitants in the same
planet, often engaged in commercial competition or even at war with each other, to that of brothers and sisters that
love and esteem each other.

The main cause of ecological unsustainability is the use of fossil fuels. It is therefore necessary to resort to alter-
native energy sources, the renewable energies of the Sun (photovoltaic), wind (wind power) and water (hydroelectric)
which, without generating pollution and without causing climate change, provide electricity, a form of energy much
more valuable than heat produced by fossil fuels. Renewable energies are not only the answer to the climate crisis,

! Encyclical Letter “Laudato Si” of the Holy Father Francis on Fraternity and Social Friendship. 2015. Ch. IV, 161. (https://www.vatican.va/content/
francesco/en/encyclicals/documents/papa-francesco_20150524_enciclica-laudato-si.html)

2 Encyclical Letter “Laudato Si” of the Holy Father Francis on Fraternity and Social Friendship. 2015. Ch. III, 114. (https://www.vatican.va/content/
francesco/en/encyclicals/documents/papa-francesco_20150524_enciclica-laudato-si.html)

3 https://www.oxfam.org/en/reducing-inequality-what-your-country-doing-tackle-gap-between-rich-and-poor

* Encyclical Letter “Laudato Si” of the Holy Father Francis on Fraternity and Social Friendship. 2015. Ch. IV, 139. (https://www.vatican.va/content/
francesco/en/encyclicals/documents/papa-francesco_20150524_enciclica-laudato-si.html)
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but also the key to fighting energy poverty. As reported
in Avvenire by the director of the Power Shift Africa,’
some developed nations, especially Italy and Germa-
ny, instead of supporting Africa in the development of
renewable energy, push many African countries to pour
their limited financial reserves into the development of
an industry based on fossil fuel extraction.

In nature, the energies supplied by the Sun, wind
and water are very abundant, but to convert them into
electricity we need equipment (photovoltaic panels, wind
turbines, dams, etc.) that must be built starting from
the material resources that Earth provide. However, the
amount of these materials is limited, so we must use
them with maximum efliciency and recycle them. For
this and other reasons it is necessary to abandon the
disposable linear economy, powered by fossil fuels, and
adopt a circular economy that uses renewable energy
and that is based on reuse, repair and recycling of every-
thing we produce.

Only in this way ecological sustainability can be
achieved because the planet will be protected and not
degraded, and its resources will be shared in sobriety.
A wise policy can also be implemented to reduce ine-
qualities through the development of common services
(school, health, transport, etc.) and an economy based

® https://www.powershiftafrica.org/

Vincenzo Balzani

on taxes and subsidies aimed at helping the weakest, as
every person is worth and must not be forgotten. The
awareness that in a globalized world no one is self-suf-
ficient will allow us to undertake fruitful collaborations
between nations and to give strength to peace.

Then there is another problem. The limited mate-
rial resources needed to convert the energies of the Sun,
wind and water into electricity are not equally distrib-
uted on Earth. For example, some fundamental chemical
elements, such as lithium for batteries and neodymium
for wind turbines, are not found in Europe, but mainly
in Chile, the former, and China, the latter. A country
can cope with the scarcity of an important resource in
two ways: with war, as often happened in the past for oil,
or with collaboration and trade agreements. Will nations
continue to be so reckless that they wage wars to con-
quer the resources they do not have, or will they finally
understand that every war is a defeat for all?

Here is another aspect of the mandatory cultural
revolution, indicated by Pope Francis in the encycli-
cal Fratelli tutti: promoting a “universal aspiration to
fraternity” and “social friendship”” to build a bet-
ter world starting from the common belonging to the
human family and recognizing that “as children of the
one God, we are all brothers and sisters”.®

¢ Encyclical Letter “Fratelli tutti” of the Holy Father Francis on Fraterni-
ty and Social Friendship. 2020. Introduction, 8. (https://www.vatican.va/
content/francesco/en/encyclicals/documents/papa-francesco_20201003_
enciclica-fratelli-tutti.html)

7 Encyclical Letter “Fratelli tutti” of the Holy Father Francis on Frater-
nity and Social Friendship. 2020. Ch. IIL, 106. (https://www.vatican.va/
content/francesco/en/encyclicals/documents/papa-francesco_20201003_
enciclica-fratelli-tutti.html)

8 Encyclical Letter “Fratelli tutti” of the Holy Father Francis on Fraterni-
ty and Social Friendship. 2020. Ch. VIIL, 279. (https://www.vatican.va/
content/francesco/en/encyclicals/documents/papa-francesco_20201003_
enciclica-fratelli-tutti.html)
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The Spinning Electron

JoHN LEKNER
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Abstract. The notion introduced by Ohanian that spin is a wave property is implement-
ed, both in Dirac and in Schrédinger quantum mechanics. We find that half-integer
spin is the consequence of azimuthal dependence in two of the four spinor compo-
nents, relativistically and non-relativistically. In both cases the spinor components are
free particle wavepackets; the total wavefunction is an eigenstate of the total angular
momentum in the direction of net particle motion. In the non-relativistic case we
make use of the Lévy-Leblond result that four coupled non-relativistic wave equations,
equivalent to the Pauli-Schrodinger equation, represent particles of half-integer spin,
with g-factor 2. An example of an exact Gaussian solution of the non-relativistic equa-
tions is illustrated.

Keywords: electron, spin, spinor.

1. INTRODUCTION

In his article “What is spin” [1], Ohanian argues that ‘spin may be
regarded as an angular momentum generated by a circulating flow of energy
in the wave field of the electron’, and that ‘the spin of the electron has a close
classical analog: It is an angular momentum of exactly the same kind as car-
ried by the wave field of a circularly polarized electromagnetic wave.” Oha-
nian credits Belifante [2] for establishing that ‘this picture of spin is valid not
only for electrons but also for photons, vector mesons, and gravitons.’

Dirac [3,4] regarded his four-by four matrices as ‘new dynamical vari-
ables...describing some internal motion of the electron, which for most
purposes may be taken to be the spin of the electron postulated in previous
theories’ [4]. This is how the concept of spin is presented in most texts, as
intrinsically relativistic, a mysterious internal angular momentum for which
there is no classical analogue. For example, in his “Introduction to quan-
tum mechanics” [5] Griffiths states ...the electron also carries another form
of angular momentum, which has nothing to do with motion in space (and
which is not, therefore, described by any function of the position variables
1,0,¢) but which is somewhat analogous to classical spin...".

We shall construct, for a general relativistic or non-relativistic wavepack-
et, an eigenstate of the component of total angular momentum in the net

Substantia. An International Journal of the History of Chemistry 6(2): 7-13, 2022
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direction of propagation, with eigenvalue #/2. Such
eigenstates are four-component spinors, of which two
components have e azimuthal dependence. In these
formulations the phenomenon of spin is incorporated
into ordinary space-time: the twist is in the azimuthal
dependence of two of the wavefunctions. To the ques-
tion: what does a spinning electron look like? we answer,
in brief, that spin in the spinor formulation, relativistic
or nonrelativistic, resides in the azimuthal dependence
of two of the spinor components. This contrasts with the
usual spin-space formulation, and the decoupling of spin
from space-time.

In Sections 2 we construct general relativistic
wavepackets with spin half; these are four-component
spinors. An important aspect of spin is that it is not
purely a relativistic effect: Levy-Léblond [6] has proved
that the Galileo group has irreducible representations
with non-zero spin. A Reviewer has pointed out that
Galindo and del Rio [7] show that Galilean fermions
are possible, with a four-component spinor lineariza-
tion of the non-relativistic wave equation and a cor-
rect (to lowest order) g-factor. The Galindo and del Rio
paper anticipates some of the work of Lévy-Leblond [6]
and Gould [14].

Levy-Léblond’s four-component nonrelativistic
spinors are implemented in Section 3, to construct gen-
eral angular momentum eigenstates with spin half. An
explicit example of a non-relativistic spinning wavepack-
et is illustrated in Section 4.

2. DIRAC SPINORS

The wavefunction ¥(r,t) of an electron wavepacket in
free space is to satisfy the Dirac equation
HY(r,0)=iho¥(r,t), H=ca-p+fmc*, p=-ihv (2.1)

The 4x4 matrices «,f3 are written in terms of the
Pauli spin matrices 0,,0,,0, and the unit 2x2 matrix I as

\
G %)

«=(5 o) 5=( o &=

"Z=((1J —01)’ ﬁz((l) —01)

The wave equation (2.1) thus consists of four coupled
first-order partial differential equations.

We consider wavepacket motion, predominantly
along the z direction. In cylindrical polar coordinates
p = (x? +y2)z is the distance from the z-axis, ¢ is the
azimuthal angle, and

(2.2)

John Lekner

= (px £ip,) = 0, 2 i0, = e*9(9, 1 ip~10,) 2.3)

The four time-dependent free-space equations for
the spinor V¥ read, with mc/h=K,

(O HK) Y +e7(0,-ip™ 0g) Y4 +0,y/3=0 (2.4a)
(0 +HiK) Y, +e'(0,+ip™ 0y y3-0,y,=0 (2.4b)
(0~ iK)y3+e9(0,-ip™ 0y) Y2 +0,4,=0 (2.4¢)
(0~ iK)y+e(0,+ip™0y)y1-0,y,=0 (2.4d)

When the spinor components y; are independent of
¢, solutions exist only for the y; also independent of p.
These are the well-known plane wave solutions y;=a,e @
@), where the wavenumber g and the energy fiw are con-
strained by (w/c)>=K*+q*. To attain localized wavepacket
solutions, we need to consider azimuthal dependence.

The angular momentum operator L=rxp does not
commute with the Hamiltonian, but the combination
]:L+EE does, where Z:(a 2) The z component of the

0
total angular momentum operator is

=t §(§ ) = —indiag111.00, +
2 (2.5)

+2diag(1,-1,1,-1)

Let the spinor components y; have azimuthal
dependence e"%; the ], eigenstate equations for y,,y, read

—idy +1/2 0 eiv1®
( 0 —idg — 1/2) (eim») =
vy +1/2)ei1?
- <(vz - 1/2)er2¢>

(2.6)

This will be an eigenstate of J, if v,+1/2=v,-1/2,
v,-v,=1, with eigenvalue (v,+1/2)h. Similarly for y,,y, we
shall have an eigenstate of J, if v;+1/2=v,-1/2, v,-v;=1,
with eigenvalue (v;+1/2)h. Hence the choice v, ;=0, v,,=1
makes ¥ an eigenstate of J, with eigenvalue /2. (The
choice v, 5=-1, v,,=0 makes ¥ an eigenstate of J, with
eigenvalue -#/2.) It is necessary to have integer v;, since
the spinor components are in real space-time (not in some
abstract spin space) so we must have y;(¢+2m)=y,(¢). The
eigenvalues of J, are thus +//2,+3h/2 etc.

With spinor components v, 3=f13(p,2,1),¥, 4=€"%f5 4
(p:z.t), the azimuthal dependence cancels out, and the
equations (2.4) read

(85t+iK)f1+(8p+p’1)ﬁ;+azf3:0 (2.7a)
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@ +HK) i+ 3fs-0.£1=0 (2.7b)
(0-iK)f3+(0,+p ") f>+0,f,=0 (2.7¢)
@u-iK)fi+ 3,f1-0.,=0 (2.7d)

The combination (d,,-iK)(2.72)-(9,+p™")(2.7d)-0,(2.7¢)
gives

(0% +K?-05-p0,-0°)f1(p,2,1)=0 (2.8)

Likewise (9,-iK)(2.7b)-0,(2.7¢)+0,(2.7d) gives us

(0% +K?-0%-p0,+p?-0% )f,(p.2,1)=0 (2.9)
The equations (2.8) and (2.9) are solved respectively
by
e'@=a] (kp), @] (kp), K+q*+K*=(w/c)? (2.10)
The function f; satisfies the same equation as f;, and
f, satisfies the same equation as f,. The transverse and
longitudinal wavenumbers k and g are real, and w>cK,
or hiw=mc*. The wavenumbers k>0 and >0 are related to
K=mc/h and w by k*+¢*+K*=(w/c)* the maximum value
of both k and g is Q=y(w/c)* — K?. Hence the general
form of the spinor eigenstate of J, with eigenvalue #/2 is
0
B e Q i(qz-wt) k
vis(pat)= dwf dk A, 5(w,k)e =] (kp) (2.11)

Vou(pb 2 t)=ef edwfldk A, 4(w,k)e @], (kp) (2.12)

These are analogues of the acoustic and electromag-
netic wavepackets, for which simple closed forms exist
([8], Section 2.6). The author has not found amplitudes
Aj(w,k) which lead to closed forms for the relativistic
spinor components. Bessel beam wavefunctions (not
localized enough transversely to have finite energy per
unit length) have been studied by Bliokh et al. [9].

3. NON-RELATIVISTIC SPINORS

Lévy-Leblond [6] has shown that four coupled non-
relativistic wave equations, equivalent to the Schroding-
er equation, are spinors representing spin 1/2 particles,
with g-factor 2 (see also Greiner [10]). We shall again
construct a general eigenstate of J, with eigenvalue #/2:
it is a four-component spinor. It is based on localized
wavepacket solutions of the time-dependent Schrodinger
equation, with no restriction on the wavepacket param-
eters. In Section 4 we shall explore some properties of

exact Gaussian solutions of the equations satisfied by the
spinor components. W

Let Y(r,t) be the four-component spinor, ‘P:(X ,
with y,x each having two components. The Lévy-Leb-
lond non-relativistic coupled spinor equations are, with
E=iho,, p=-ihv,
Ey+o-px=0, o-py+2my=0 (3.1)
o are, as before, the Pauli spin matrices defined in (2.2).

Note that the y,y in (3.1) have dimension differing
by a speed; we could make them the same by inserting
factors e?/h or ¢ in front of y, but choose not to do so, in
order keep the Lévy-Leblond formulation. Note also that
the lower spinor component y can be eliminated, giv-
ing the Pauli-Schrodinger equation El//=ﬁ(a-p)21//, with
Hamiltonian H=$(a'p)2.

For comparison, the Dirac equations (2.1), with y,=
(:lljl), 1//1,=(1£3), may be written in the form

2 4

(E-mA)y,=co-py,, copy,=(E+mc?)y, (3.2)

The non-relativistic limit is obtained from (3.2) b
setting 1//]~(r,t)=e'i’”“z”h)Fj(r,t). Then Ey;=iho, y;=e% :
(mc2+ih8t)Fj, and the equations (3.2) have the dominant

terms

EF,=co-pF,, co-pF,=2mc*F, (3.3)

These are the same as (3.1) if we identify F, with v,
and cF, with -y.

Returning to solutions of the Lévy-Leblond equa-
tions (3.10), we write 1//=( 1), X= ¥s , and consider
wavepacket motion, predoriinantly ¥ ng the direc-
tion, but of course converging onto or diverging from
the focal region, which we shall centre at the space-time
origin. Again in cylindrical polar coordinates p,¢, and
with use of (2.3), the four time-dependent free-space
equations (3.1) for the spinor ¥ read

-9y e (0,-ip 9, Yy +9. =0 (3.4a)
-9y t+e(9,-ip9,) Y3 +9.y,=0 (3.4b)
2y +e19(9,-ip 9y Y+ 0.1 =0 (3.40)
Zy,+¢9(3,-ip 19, Y1 +0.,=0 (3.4d)

When the spinor components y; are independent of
¢, solutions exist only for the y; also independent of p.
These are the plane wave solutions y,=a;e ", where
the wavenumber k and the energy hw are constrained by
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hw=h?q*/2m. To attain localized wavepacket solutions,
we need to consider azimuthal dependence.

The angular momentum operator L=rxp does not
commute with the free- partlcle Hamlltoman H= —(0 p)?,
but the combination I—L+ Z >=(? does, as may be
verified from the commutators Xg= 96, (Lo pl=ihaxp,
[o,0-p]=-2ioxp. ] satisfies the angular momentum com-
mutation relations JxJ=i#]. The z component of the total
angular momentum operator is again
J=L+t (‘6 (?z)z—ih diag(L,L1)9,+: diag(L-1,L-1) (3.5)

We shall now construct the non-relativistic spinor
eigenstates of J..

Let the spinor components y; have azimuthal
dependence ¢"i%; the ], eigenstate equations for y,,y, are
the same as in (2.6):

—i0y +1/2 0 wie\ (v +1/2)e"?
< 0 —i0p — 1/2> (ziV2¢) - <(V: _ 1/2)€iv2¢> (36)

The equations (3.5) and (3.6) have the same form as
in the relativistic case, equations (2.5) and (2.6). Hence
as before the choice v, ;=0, v,,=1 makes ¥ an eigenstate
of J, with eigenvalue //2 and the choice v, ;=-1, v,,=0
makes ¥ an eigenstate of J, with eigenvalue -#/2. With
spinor components v, ;=f, 5(p.z,1), V,4=€*f, ,(p,2.t), the
equations (3.4) read

-01+(0,+p)fy+0.f3=0 (3.7a)
-Ofy+0f-0:fs=0 (3.7b)
Ef 40,4 )+ 0,1=0 (3.70)
EE it 9,f1-0£,=0 (3.7d)

The last two equations give f;, in terms of deriv-
atives of f;,, which in turn satisfy the free-space
Schrodinger equation for azimuthal orbital quantum
number 0 and 1:

(ihd o[ +p19,+92)fs (P, 2,1)=0 (3.8)

(10 +57 (02419, 2+0U)fo(p.2,)=0 (3.9)

Equations(3.8) and (3.9) are satisfied by J,(xp)e"ée's
e’mkt2m with n=0,1 respectively, and x*+q*=k?; ], are the
regular Bessel functions of order n. Hence spinor com-
ponents of forward-propagating wavepackets have the
form

John Lekner

e[ "dk e da F (k,q)e T, (kp) (+q=k?)  (3.10)

The amplitudes F,(k,q) are complex functions, sub-
ject only to the existence of the norm and of the expec-
tation values of energy and momentum of the wave
packet. A similar expression gives the wavefunctions of
scalar and of electromagnetic pulses [8].

To sum up this Section: a general non-relativistic
eigenstate of J, with eigenvalue //2 has been found: it is
a four-component spinor, of which two components have
‘twist’, with e’ azimuthal dependence. In this formula-
tion the spin resides in the azimuthal dependence of two
of the wavefunctions, in real space-time.

Any spinor based on localized wavepacket solutions
of the time-dependent Schrodinger equation, construct-
ed as above, will be an eigenstate of J, with eigenvalue
h/2. The next Section gives an explicit example. Station-
ary states (energy eigenstates) of the hydrogen atom are
briefly discussed in Appendix A.

4. SPINNING GAUSSIAN WAVEPACKETS

A free-particle wavepacket solution of Schrodinger’s
time-dependent equation dates back to the early days of
quantum mechanics (Kennard [11], Darwin [12]). This
is the Gaussian wavepacket. It is a compact exact solu-
tion, but with a physical flaw, to be discussed below. For
propagation along the axis, and with cylindrical sym-
metry, it has the form

p2+(z—ut)?
) 4b[b+wt]}

glp.z, t)=b3’2[b+ivt]’3’zexp{iQ(z— 4.1)

The Gaussian wavepacket (4.1) is normalized so that
g'g=1 at the space-time origin. In (4.1) the spatial origin
p=0, z=0 is the position of maximal |g| a time t=0, Q is
the dominant z component wavenumber, m is the mass
of the particle, u=hAQ/m is the group speed, and v=h/2mb
is the spreading speed. The length b gives the spread of
the wavepacket at t=0. Earlier and later the longitudinal
and lateral spread of the packet is greater, proportional
to [b*+(vt)*]V2. Thus p=0, z=0 can be thought of as the
centre of the focal region of the wavepacket, occupied
at t=0. As t increases towards zero the wavepacket con-
verges to its most compact form, reaches it at =0, and
then expands as it continues to propagate in the positive
z direction. The packet used by Ohanian [1] is equivalent
to (4.1) evaluated at Q=0 (zero momentum expectation
value) and t=0.

For the Gaussian wavepacket ¢ the momentum oper-
ator has the expectation values (see for example [13])
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<pz>=-ih<az>=hQ, <px>=0=<p},>, <p2>=
s 4.2)
()

The wavepacket g is neither an energy nor a momen-
tum eigenstate, but it is an eigenstate of the orbital
angular momentum operator L,=xp -yp,=-ifi(xd,-yd,)=
-ihdg. The orbital angular momentum eigenvalue is
zero, because g is independent of the azimuthal angle
¢. Eigenstates of the z component of orbital angular
momentum, with eigenvalues which are integer multi-
ples of h, may be generated from any such g by differen-
tiation, as shown in [13].

The probability density of the scalar wavepacket is
g'g: the probability that the particle described by g(r,t)
is within the volume element d°r is d°r g'g. The norm
N=[d’r ¢'g (integration over all of space) is independent
of time. The probability density flux, or the probability
current density vector S, satisfies the conservation law
V.S+0,(g'9)=0, S(rf)=—Im(g'Vg) (4.3)

What are the corresponding relations for spinors?
The conservation law is now (Lévy-Leblond [6], Section
IIle, and Appendix B)

V.8+0,(y*y)=0 (4.4)

n h
S(r, t)=-w+aX—X+aw=;Im(1//+ Vl//)+EVX(l//+O‘I//) 4.5)

The first term in the second expression for S corre-
sponds to the Schrodinger current in (4.3), the second is
a spin current. Ohanian [1] derived the relativistic ana-
logue of last term in (4.5). He showed that it leads, in
the nonrelativistic limit, to an azimuthal current. In his
words, “such a circulating flow of energy will give rise to
an angular momentum. This angular momentum is the
spin of the electron.”

We shall calculate the radial, azimuthal, and longi-
tudinal components of the probability current density,
S,»84S; in the simplest case, in which the spinor com-
ponents are ¥,=f(p,z,1), ¥,=0, ¥3~9,y,, Y4~€d,y,. From
Appendix B, the components of the probability current
density are given by
28, =Im{f 10,1 TSy=-20,|fils TS.=Im{f 0.1} (4.6)
With f,(p,z,t)=g(p,z,t) the probability density and

current components are given by

g'g=b*[b>+(v1?] exp{~ )

2[b2+(vt)?]

4.7)
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_Pf(%) - _m\%ty3

hp hbz( vtz)
—__4m * X
P P w028 & VT pri w2z & §.= b2+(vt)?

(4.8)

The components §,,S, are the same for the scalar
wavepacket, the azimuthal component S, is zero in the
scalar case based on g The conservation law (4.4) is sat-
isfied.

A problem with the Gaussian solution is appar-
ent in S_: for positive z and negative t (or vice versa) the
longitudinal component is negative if the magnitude of
vtz exceeds that of 2Qb3. The probability current then
flows backward. Far from the focal region (here centred
on the space-time origin) there should be no backward
flow for free-space propagation. Note that the Gaussian
wavepacket cannot be put in the purely forward-propa-
gating form (3.10).

Nevertheless, the Gaussian packets demonstrate
the azimuthal current component which arises in the
spinor formulation. Figures 1 and 2 show the current
components in the focal plane, and at a transverse
plane cutting through the wavepacket center at a later
time. The azimuthal part gives the electron wavepacket
its spin.

.,3_ .

Figure 1. Focal plane section through a Gaussian spinor wavepack-
et, at t=0. The contours give the probability density, the arrows the
transverse current density (the longitudinal current is not shown).
The direction of motion is out of the page. The transverse current
density is purely azimuthal at this instant.
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=2b,ut=2b

N
|

B

Figure 2. Gaussian spinor wavepacket, at z=ut=2b. The trans-
verse current density now has radial and azimuthal components.
The group speed is u, so the section is through the centre of the
wavepacket. The longitudinal current density is not shown.

5. SUMMARY

The spinning electron may be described by a four-
component spinor, depending on space and time coor-
dinates, in both relativistic and non-relativistic quan-
tum theory. The non-relativistic quantum theory and its
azimuthal dependence is similar to the relativistic Dirac
spinor formulation of Section 2. In both cases the spin
is contained in the azimuthal dependence of wavefunc-
tions in ordinary space-time. Gould [14] used the Ham-
iltonian H=—-(c.p)* to show that the magnetic moment
follows (correct to lowest order), just as in the Lévy-
Leblond spinor formulation. There is thus an alternative
formulation to the usual ‘spin degree of freedom’, and
the total wavefunction being a product of space and spin
parts, as is done in nonrelativistic quantum theory. Nev-
ertheless, the non-relativistic decoupling of space and
spin is usually simpler, as is illustrated by the spinor ver-
sion of the Hydrogen atom, Appendix A.
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APPENDIX A. THE HYDROGEN ATOM IN SPINOR
FORM

The equations (3.1) become, with E now an energy
eigenvalue, no longer a time derivative,

(E+er—2)1//+a-p)(=0, o-py+2my=0 (A.1)

(‘”’) -2 ]w Ey or [ V2 e ]w Ey (A.2)

Considering the non-degenerate ground state, with
], eigenvalue g, v, and v, must satisfy the same equation.
This is not possible if we choose y, to have azimuthal
dependence ¢, as in Section 3, unless we also take v,
to be zero. The ground state spinor now consists of y,,
the hydrogenic ground state 1S, and v,=0, y;~0,y,,
y,~e0,y;. Because the Lévy-Leblond probability den-
sity is defined in terms of the first two spinor compo-
nents y.,¥,, and the probability density current can
be expressed in terms of y,y,, the hydrogenic ground
state is, at least in the probability density and the prob-
ability density current, equivalent to the scalar ground
state. The azimuthal dependence is hidden in the fourth
spinor component.

For the first excited states we have a choice of 2§ and
2P. The former is set up as above, the latter with y,=0,
and v, with e* dependence. Lévy-Leblond [15] and
Mita [16] discuss the electron probability current of the
‘stationary’ states.

APPENDIX B. PROBABILITY DENSITY AND FLUX

In the Dirac case (Section 2), ¥*V¥ is the probabil-
ity density, and S=c¥*aV¥, with « is defined in (2.2). In
the nonrelativistic formulation of Lévy-Leblond we
have a time derivative of ¥ but not of y: ihd,y+0-py=0,
o-py+2my=0, or 0,y-0-Vy=0,-iho-Vy+2my=0. To keep the
norm time-independent Lévy-Leblond defines the prob-
ability density in terms of y only, as y*y. The conserva-
tion law is now (Lévy-Leblond [6], Section IIIe)

V.8+0,(y*y)=0 (B.1)

o,y )=y (a-Vy)+(Vy"-o)y=V-(y*ox+x o) (B.2)
Hence S(r,t)=-(y*ox+y'oy). We may express this cur-

rent purely in terms of the top two spinor components v,

since Xz%mvt//. This gives

S(r, t)——{

2im

yra(ovy)-(a-Vy) oy} (B.3)
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On using the commutation relations of the Pau-
li matrices, oxo=2ig, the probability density current
becomes
S(r,t)=ﬁ[w+v\y (Vl//+)l//]+—VX(W+O'I//) (B.4)

The first term in this expression for S corresponds
to the Schrodinger current in (3.3), the second is a spin
current, which gives the correct g factor at leading order
[6]. The spin term is the curl of a vector, and so does not
contribute to the conservation law (B.1). See also Landau
and Lifshitz [17] Section 114, and Mita [16] for the spin
current term.

We shall calculate the radial, azimuthal, and longi-
tudinal components of the probability current density,
>84S, The corresponding spin matrix components are

—gp—f 0 e“'"’) < —ie‘”’)

o,=0.p= Y , 0,=0. s

’ P (e‘¢ 0 - ¢ lel¢ 0 (BS)
(1 0

i (0 —1)

Let f,,f, be solutions of (3.8) and (3.9), respectively,
and y,=f;, y,=€"f,. We can set f,=ad,f, [12]; a is a length
parameter. We shall first calculate y*oy; this has the
cylindrical components (2aRe{f"9,f,}, 2alm{(d.f"\)f:},
|f1I>-a%|9,fi|*). Note that there is no ¢ dependence. The
curl of this vector is

Vx(y*oy)=(-2a0,Im{(0,/)f,}, 2a0,Re{f10,f,}- (B:6)
-0 [|fi[*-a%[0,fi], 2ad,Im{(9,f))fi}+2ap Im{(9,f))fi})
When the length a is zero, just the azimuthal com-
ponent remains, Vx(y*oy),,=(0,-9,|f,]>0). In that spe-
cial case the Schrodinger current is proportional to Im{
Fvfil=Im{f1(9,£1,0,0.f))}, and the components of the
probability current density are given by
BS,=Im{f 19,1} 2S,=-30, i, ZS.=Im{f 0.}  (B7)
As in the hydrogen ground state, the a=0 spinor
now consists of y,, and y,=0, y3~0,y,, y,~ed,y,. The
fourth component contributes to the azimuthal current,
and to the angular momentum.
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Abstract. The addition of azorubine to a viscoelastic aqueous dispersion of sodium
oleate (NaOL, 0.43 M, 13% w/w) and KCI (up to 4% w/w) leads to a green gel-like sys-
tem whose rheological behavior can be efficiently and reversibly triggered from remote
by using UV light. Rheology, Differential Scanning Calorimetry (DSC) measurements
and phase behavior studies indicate that the original texture of the NaOL dispersion is
significantly hardened upon UV irradiation for 8 hours in the presence of azorubine,
showing a seven hundred-fold increase in viscosity. The UV treatment brings about
the trans to cis isomerization of azorubine, which modifies the structure of the NaOL
wormlike micellar system, leading to a more entangled, close-textured network. The
cooperative effect of KCI on the fluid viscosity is found to be concentration-dependent.
The system slowly reverts to its original rheological behaviour after standing for about
1 day. These results are relevant for the development of stimuli-responsive innovative
systems based on biocompatible, non expensive and commercially available materials
that can be used in a wide range of applications, such as in drug delivery or enhanced
oil recovery, where a quick change in the physico-chemical features of the system is
required but difficult to be performed.

Keywords: green chemistry, sodium oleate, azorubine, viscosity, stimulus-responsive.

INTRODUCTION

Responsive or “smart” materials are functional materials whose proper-
ties can undergo controlled and reversible changes in response to an external
stimulus [1-4]. The applied stimulus or external field include thermal, elec-
trical, magnetic, pH, UV-visible light, ionic or metallic interactions or com-
binations thereof [5,6]. The formulation of gel-based stimuli-responsive sys-
tems with specific performances is crucial for a great number of applications,
and particularly when it is impossible or very difficult to switch on/off their
properties, and a remotely controlled trigger is necessary [5,7].

Among these systems, viscoelastic surfactant (VES) solutions have
attracted great attention due to their unique features and versatility that can
be harnessed in a variety of high-tech and everyday applications [8-15].

The amphiphilic nature of VES molecules leads to the self-assembly in
solution into small aggregates, which show a complex phase behavior: the
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simplest structure are spherical micelles, but also hex-
agonal, lamellar, vesicular, cubic, reverse phases can be
observed, depending on the surfactant packing param-
eter and global packing constraints [2,16-19].

Under certain conditions (i.e. surfactant concentra-
tion, salinity, temperature, presence of different coun-
terions, change in the composition of the solvent, etc.)
spherical micelles may undergo uniaxial growth and
form elongated and flexible structures, usually referred
to as “wormlike” micelles (WLM) [19-21].

Above a critical concentration these systems show vis-
coelastic properties, like polymer solutions or bicontinuous
three-component ionic microemulsions, as a result of the
formation of a densely entangled network [19,22-26].

In our previous series of works we extensive-
ly investigated the main physicochemical properties
and the phase behavior of wormlike micellar systems
based on sodium oleate (NaOL), a safe, eco-friendly
and cost-effective surfactant [19,26]. In the first part
we reported on the structure, thermal properties and
rheological behavior of NaOL aqueous dispersions in
the presence of a single salt (KCI) via cryo-TEM, rheol-
ogy and DSC experiments [19]. In part 2 we illustrated
the specific ion effect induced by the addition of dif-
ferent salts on viscoelastic dispersions of sodium and
potassium oleate, and we systematically discussed it in
terms of the Hofmeister series [26]. In a previous work
we imparted a voltage-dependent responsiveness to an
NaOL aqueous dispersion through the addition of car-
bon black particles [27].

Prompted by these studies on green formulations
with suitable responsiveness to different physical stimuli,
in the present contribution we developed a NaOL-based
viscoelastic dispersions that, in the presence of minimal
amounts of azorubine, a biocompatible dye, and a salt
(KCI) undergo a remarkable change in their rheological
properties upon irradiation at a specific wavelength.

NaOL finds application in a wide number of indus-
trial products and commercial formulations, like health-
care products, cleansers, thickening agents, emulsifiers,
lubricants and fluids for enhanced oil recovery [28-32].
Thanks to its negative charge, NaOL is more biodegrad-
able and less harmful for the environment compared to
cationic surfactants [33].

SOy
OH :
Ny
SOy

frans

Figure 1. Trans-cis isomerization of azorubine.

Duccio Tatini, Martina Raudino, Filippo Sarri

NaOL shows a very interesting phase behavior [34]
and forms different nano- and micro-structures in solu-
tion upon the addition of electrolytes or as a result of
pH variation [19]. For an extensive discussion about the
structural features and the rheological behavior of NaOL
dispersions please see references [19,26,35-41] and refer-
ences therein.

In this work we report on a moderately concentrated
(0.43 M, 13% w/w) dispersion of NaOL in water that gives
rise to a wormlike micellar network with peculiar struc-
tural properties and rheology. The choice of this surfactant
concentration is related to the NaOL/water systems’ phase
diagram: at this concentration and 25° C the dispersion
converts from a simple fluid micellar L, to a viscous L;*
phase that shows shear-dependent birefringence [19].

Azorubine is a synthetic azo dye approved for food
decorations and coatings and as drink additive [42]. Its
chemical structure is shown in Figure 1. The presence
of the azo moiety enables a trans-cis isomerization upon
irradiation with light at an appropriate wavelength, usu-
ally in the UV region [43-46].

The process may revert spontaneously upon heating
since the trans isomer is thermodynamically more sta-
ble, or can be induced through irradiation with a visible
light [47].

Previous studies reported on the introduction of dif-
ferent chromophores in VES systems in order to obtain
light-responsive fluids with tunable rheological properties.
These photo-active molecules include synthetically modi-
fied azobenzenes, [48-54] p-coumaric acid [55,56] and
cinnamic acid derivatives [57-59]. We selected azorubine
because of its unique advantages in terms of availability,
simple manipulation, low cost and, above all, safety.

This work is a proof-of-concept that shows the effi-
cacy of combining completely biocompatible and non-
toxic materials to obtain a versatile formulation with a
viscosity and rheological behaviour that can be remark-
ably modified through the irradiation with UV light.

Moreover, all these features make these systems very
attractive for a wide range of applications, including
agriculture, food industry, cosmetics, “smart” materials,
enhanced oil recovery, shale gas extraction, drug deliv-
ery and controlled release.

MATERIALS AND METHODS
Materials
Sodium oleate (ACS reagent grade, Riedel-De Haén,
Seelze, Germany) and potassium chloride (> 99 %, Sig-

ma-Aldrich, Milan, Italy) were used as received without
any further purification. Azorubine (Carmoisine, Food
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red 3 or E 122, disodium 4-hydroxy-3-((4- sulphonaton-
aphthyl)azo) naphthalenesulfonate), food grade quality)
was supplied by E.li Rebecchi S.r.l. (Piacenza, Italy) and
used without any further purification. All solutions and
dispersions were prepared with Milli-Q water (resistivity
> 18 MQ cm at 25°C).

Sample Preparation

Sodium oleate viscoelastic formulations were pre-
pared by the addition of a weighted amount of sur-
factant to KCI aqueous solutions at different concentra-
tions (0, 0.1, 0.5, 1, 2, 3, 3.5, 4 % w/w) under constant
stirring at room temperature. The final concentration
of NaOL was 0.43 M (13 % w/w) in all the samples. The
dye-loaded samples were prepared following a similar
procedure: to a 0.18 % w/w (3.6 10 M) azorubine aque-
ous solution the proper amount of potassium chloride
and then of the surfactant were added. The final con-
centrations of KCI were 0.1, 0.5, 1, 2, 3, 3.5, 4% w/w. For
all the samples we used Milli-Q water, which was boiled
for 4 h, filtrated and stocked under argon. As reported
in our previous works the samples were freshly prepared
and tested within 1 hour for the rheological and DSC
experiments [19,26]. All these precautions are necessary
in order to avoid the uptake of atmospheric CO, by the
samples [60].

UV Irradiation

About 10 mL of sample were placed in a quartz con-
tainer and irradiated using a Camag UV lamp (wave-
length 254 nm, 8 W, Muttenz, Switzerland) for 8 hours.
All the experiments were conducted at 25 °C, and the
distance between the sample and light source was fixed
at 5 cm.

Rheology Measurements

Rheology experiments were carried out on a Paar
Physica UDS 200 rheometer using a plate-plate geom-
etry with a diameter of 40 mm and a measurement gap
of 300 um. The temperature was fixed at 25.0 £ 0.1 °C
using a Peltier control system for all the measurements.
The samples were equilibrated for 15 min at the set tem-
perature before being tested. Frequency sweep meas-
urements were carried out within the linear viscoelas-
tic range at a strain value of 1%, which was previously
determined by means of an amplitude sweep test. The
storage and loss moduli (G and G”, respectively) were

measured over the frequency range of 10~ and 10° Hz.
The flow curves were acquired in a torque range between
107! and 5-10° mN-m. The experimental viscosity () was
fitted with the Cross model (see the Results and Discus-
sion) to obtain the zero-shear viscosity (#,), the infinite-
shear viscosity (7..), the shear relaxation exponent (m)
and the consistency (C). The experiments were repeat-
ed at least three times, and silicon oil was applied to
the rim of the measurement geometry to prevent water
evaporation from the sample.

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was per-
formed by means of a DSC-Q2000 by TA Instruments
(Philadelphia, PA). The samples were sealed in alu-
minum hermetic pans and the measurements were con-
ducted under N, atmosphere, with a flow rate of 50 mL/
min. The samples were first cooled from 20 °C to — 60
°C at 10 °C/min, then heated up to 50 °C at 5°C/min.
The thermograms which show overlapping endothermic
peaks were analyzed using a linear combination of expo-
nentially modified Gaussian (EMQG) functions, as report-
ed elsewhere [19,26,61,62].

RESULTS AND DISCUSSION
Flow curve experiments

Figure 2 shows the flow curves obtained before (sol-
id lines) and after (dashed lines) UV irradiation from the
aqueous dispersions of sodium oleate (NaOL, 13% w/w)
in the presence of KCl at different concentrations (0, 0.5,
2 and 3% w/w). The curves for the other KCIl concentra-

Viscosity (Pa-s)

0.1 1 10 1(‘!0
Stress (Pa)

Figure 2. Flow Curves before (solid lines) and after (dashed lines)
UV irradiation for 13% w/w NaOL (0.43 M, black) and in the pres-
ence of KCl at 0.5% (green), 2% (blue) and 3% w/w (red). The flow
curves for non-irradiated samples are reprinted from [19] with per-
mission from Elsevier. Copyright 2021.
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tions are reported in Figure SI in the Supporting Infor-
mation. The experimental data on non-irradiated sam-
ples are reproduced from [19] with permission.

All the samples show the typical flow behavior of
wormlike micellar networks, i.e., a Newtonian pla-
teau followed by a steep decrease in the viscosity at
high shear stress, due to the shear-induced alignment
of cylindrical aggregates. Moreover, a concentration-
dependent increase in the viscosity is observed upon the
addition of KCI [19,63]. The fitting of the experimental
viscosity (1) data was performed using the Cross model
[64]:

N — Mo
= —_— 1
nN= N+ YR ¢))

Here 7, is the zero-shear viscosity, m the shear
relaxation exponent, 7., the infinite-shear viscosity, the
shear rate and C the consistency. The extracted fitting
parameters are reported in Table S1 in the Supporting
Information. The results nicely agree with the literature
data and confirm the shear thinning behavior of the
dispersions, originating from the micelles’ entangle-
ment and their progressive alignment at high shear rates
[19,26,34,65,66].

The UV irradiation does not affect the flow proper-
ties of the formulations: the profiles, as well as the values
of 1, exhibit minor fluctuations within the experimental
uncertainty before and after the UV treatment.

The flow curves for the NaOL samples at different
KCI concentration (0, 0.1%, 0.5% and 4%) in the pres-
ence of 0.18% w/w (3.6 10 M) azorubine are reported
in Figure 3. The flow curves at the other KCI concentra-
tions are shown in Figure S2 (see the Supporting Infor-
mation).

In the presence of azorubine all the formulations
exhibit a shear-thinning behaviour that is similar to that

L N
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Figure 3. Flow curves before (solid lines) and after (dashed lines)
UV irradiation for NaOL 0.43 M mixture in the presence of 0.18%
w/w azorubine (3.6-10* M) at different KCl concentration: 0
(black), 0.1% (orange), 0.5% (green) and 4% w/w (pink).
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found for the NaOL-KCl systems. The results obtained
from the fitting of the experimental data with the Cross
model are reported in Table S1 in the Supporting Infor-
mation. After UV irradiation the viscosity of the sam-
ples with 0.1%, 0.5% and 4% KCI increases from 6.94 to
13.6, from 278.8 to 728.3 and from 1.852 to 730.1 Pas,
respectively. For the other KCI concentrations no signifi-
cant variations in the formulation viscosity are observed
after the UV treatment.

These findings lead to two important conclusions: (i)
azorubine has a remarkable effect as photo-active mol-
ecule in modifying the viscosity of the fluids after UV
irradiation. A similar light-modulated viscosity change
is reported for binary mixtures of NaOL and a light-
responsive cationic azobenzene dyes [50,54]. In the work
of Lu et al. the UV irradiation and the resulting trans-
to-cis isomerization of the azo dye (1-[2-(4-phenylazo-
phenoxy)-ethyl]-3-methylimidazolium bromide) induces
a decrease in the viscosity of the system, with a transi-
tion from a gel-like structure to a Newtonian fluid [50].
In our case the opposite effect on the viscosity and the
strengthening of the wormlike three-dimensional net-
work is observed: a similar behavior is reported by Liu
and coworkers on dilute NaOL dispersions in the pres-
ence of three different imidazolium surfactants upon
UV irradiation [54]. (ii) The presence of KCI plays a key
role in modulating the effect of azorubine. The experi-
mental data reported in Table S1 show that the trans-
to-cis isomerization of azorubine induces an increase
in the formulation viscosity when KCI concentration is
lower than 1% w/w. Between 1% and 3.5% no remark-
able changes are observed before and after the UV irra-
diation, suggesting that the major contribution to the
strength of the system is provided by the salt.

The behavior of the sample containing azorubine
and 4% KCl is peculiar and deserves a deeper analysis.
The viscosity increases by two orders of magnitude, but
the rheological profile shows some differences after the
UV treatment (see Figure 2, pink curves). A first New-
tonian plateau appears in the low stress regime, then the
viscosity rapidly decreases at a critical shear stress which
is considerably lower than the viscosity breakdown point
before the irradiation. After this initial decrease the
flow curve shows a second, less pronounced plateau, fol-
lowed by the typical shear-thinning region at high stress
values. A similar behavior was reported by Griffiths et
al. in 2004 for carbon black particles dispersed in an
acrylic polymeric matrix [67]. In this case the presence
of an intermediate (secondary) Newtonian plateau was
ascribed to the interaction between the polymer layer
and the polymer matrix, in particular to the viscous
drag between the polymer chains adsorbed on the parti-
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cles with the polymer in solution. In a more recent work
Sochi depicts this intermediate region as a characteristic
feature of viscoelastic fluids in porous media flow, that
may be attributed to the time-dependent nature of the
viscoelastic fluid when the relaxation time of the fluid
and the characteristic time of the flow become compa-
rable [68]. Polacco and coworkers observed two dis-
tinct shear-thinning phenomena in polymer-modified
asphalts: the first shear-thinning was ascribed to a rigid
rearrangement of the aggregate structure, that involves
a temporary detachment of polymer chains. As a result,
the polymer is able to move between different domains,
inducing a transitory strengthening of the network [69].
In our system the appearance of this second-
ary Newtonian plateau may reflect the formation of
ordered structures with a different degree of organiza-
tion. To the best of our knowledge this is the first time
that such behavior is found and reported for wormlike
micellar dispersions. As a matter of fact the cited litera-
ture sources deal with polymeric blends [67,69] or to a
more general viscoelastic behavior in porous media flow
[68]. Further work is necessary to deepen and clarify
this phenomenon. The high salt concentration may be
responsible for the formation of complex, more entan-
gled structures after UV exposure. These structures
are responsible for the remarkable increase in the vis-
cosity of the formulation and exhibit a low resistance
to the applied stress, as confirmed by the low critical
stress value. This hypothesis is also confirmed by the
fact that during the sample preparation the azorubine
solution becomes turbid at this salt concentration, sug-
gesting the formation of aggregated structures. The
same salt-induced behavior is observed in pure azoru-
bine solutions, without sodium oleate, and presumably

1000
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Figure 4. Zero-shear viscosity (7y) for the formulations containing
0.18% w/w azorubine (red) and the reference samples without the
dye (black) as a function of the salt concentration (a) before (solid
line) and after (dashed line) UV irradiation. The trend for non-irra-
diated NaOL-KCI samples (black solid line) are reprinted from [19]
with permission from Elsevier. Copyright 2021.

reflects the formation of piled up structures stabilized
by n-stacking interactions [70,71].

For all the irradiated samples the system recovers its
original rheological behavior after standing for about 1
day, indicating a complete reversibility of the process.

Figure 4 reports the values of 7, as a function of KClI
concentration before (solid lines) and after (dashed lines)
the UV treatment.

For the two sets of samples the viscosity steeply
increases in the dilute regime, then it reaches a maxi-
mum and progressively decreases at higher concen-
trations of salt. This behavior has been widely report-
ed for a large number of wormlike micellar systems
[22,39,50,63,72-80]. The initial viscosity increase is
ascribed to the formation, growth and entanglement of
the cylindrical aggregates. The decrease in the fluid vis-
cosity after the maximum upon salt addition is due to the
lateral branching along the rod-like micelles, that provide
an extra route for mechanical stress relief [72,81,82]. A
detailed discussion about the thermodynamic justifica-
tion and the driving forces behind branches formation
can be found in our previous works [19,26].

The experimental results show that azorubine induc-
es two distinct effects on the salt curves (Figure 3). The
first effect is the shift of the peak maximum to lower
KClI concentrations. Azorubine is an amphiphilic mol-
ecule that can penetrate across the micellar interface at
least partially. This results in a flattening of the micelle/
water interface with a significant lowering in the surface
curvature. Moreover, the electrostatic repulsion between
different tubular micelles is screened and the viscosity
increases even at lower concentrations of salt.

The second effect is the modification of the salt
curve shape after the maximum. In the presence of
azorubine the viscosity decreases more rapidly, as a con-
sequence of the increased branching density. Rogers et
al. reported that for several mixed surfactant/salt viscoe-
lastic systems, the branching effect is more evident with
sodium salicylate, a hydrotropic salt that can penetrate
more efficiently underneath the water/micellar interface
salt respect to a simple inorganic salt like KCI [83]. This
effect due to branched structures is quite common and
found also in nonionic or zwitterionic systems [41].

Oscillatory-shear measurements

Oscillatory shear experiments were performed to
explore the viscoelastic behavior of NaOL-KCl-azoru-
bine systems upon UV irradiation. The storage (G’) and
loss (G”) moduli before and after UV irradiation for the
dispersions of sodium oleate in the presence of KCI at
different concentrations are shown in Figure 5. The fre-
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Figure 5. Storage (triangles) and loss (circles) moduli before (filled
markers) and after (empty markers) UV irradiation for NaOL 0.43
M in the presence of KCl at 0 (black), 0.5% (green) and 2% (blue).
The frequency sweep curves for non-irradiated samples are reprint-
ed from [19] with permission from Elsevier. Copyright 2021.

quency sweep curves for other KCl concentrations are
reported in the Supporting Information.

For all the samples two distinct regimes are
observed, i.e. a predominant viscous behavior at low
frequencies (G” > G’) and mainly an elastic behavior at
higher frequencies (G” < G’). The crossover point of the
storage and loss moduli (and the corresponding crosso-
ver frequency w,) marks the transition between the two
different regions in the viscoelastic spectrum [84]. The
decrease in w. upon salt addition reflects the formation
of a more entangled WLM structure with slower relaxa-
tion mechanisms [19]. No remarkable variations in G’
and G” are observed before and after the UV irradiation
with the exception of NaOL alone, that exhibits higher
values of the storage and loss moduli in the low frequen-
cy region after the UV treatment.

Figure 6 reports the storage and loss moduli
obtained in the frequency sweep experiments before
and after UV irradiation for the samples containing
azorubine in the presence of KCI at different concentra-
tions (0, 0.5 and 2%). The frequency sweep curves for
other KCI concentrations are reported in the Support-
ing Information. The formulations exhibit a viscoelastic
behavior that looks similar to those reported in Figure
5, indicating that the two frequency-dependent regimes
are present. The crossover frequency decreases when KCl
concentration is increased from 0 to 0.5%, then it pro-
gressively shifts to higher values upon further increase
in the salt concentration.

The UV treatment has a very minor effect on the
viscoelastic properties of the formulations, with the
exception of the sample containing KCl 4% (Figure
S10 in the Supporting Information). In this case before
the UV irradiation the storage and loss moduli show a
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Figure 6. Storage (triangles) and loss (circles) moduli before (filled
markers) and after (hollow markers) UV irradiation for NaOL 0.43
M + azorubine 0.18 % mixture in the presence of KCI at 0 (black),
0.5 % (green) and 2 % (blue).

crossover in the high-frequency region, followed by a
remarkable drop at medium and low frequencies, which
indicates a predominantly viscous behavior. After the
UV treatment G’ and G” overlap for most part of the
whole frequency range and after a slight decrease at
high frequencies they level off to a relatively high con-
stant value in the medium and low-frequency regime.
This result is consistent with the remarkable viscosity
increase observed after the irradiation (Figure 2) due to
the presence of light-induced ordered structures.

A Cole-Cole plot analysis was performed to describe
the viscoelastic behavior of the NaOL dispersions in
terms of a Maxwell model with a single relaxation time
(results not shown). Unfortunately, this approach does
not provide an accurate prediction for the experimen-
tal values due to the presence of additional relaxation
modes. For this reason, we calculated the continuous
time-weighted relaxation spectrum using the values of
the storage and loss moduli (Trios software, 5.2 version,
TA instruments) [85,86]. The relaxation times 7, estimat-
ed from the spectra are reported in Figure 7.

In the relaxation spectra an intense primary peak is
observed for all the samples, and it was used to extrapo-
late the relaxation times. Additional secondary peaks
are clearly detectable, demonstrating the presence of
concurrent relaxation modes (reptation, breaking and
recombination, Rouse motion, etc.) [19].

The comparison between the relaxation times and
the viscosity values (see Figure 4) shows a similar effect
on both the flow and the viscoelastic properties of the
dispersions induced by azorubine: the UV irradiation,
thanks to the presence of the dye, increases the struc-
turedness of the tridimensional micellar network, result-
ing in similar trends of #,and .
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Figure 7. Relaxation time (73) for the formulations containing
azorubine (red) and the reference samples without the dye (black)
as a function of the salt concentration before (solid line) and after
(dashed line) the UV irradiation. The trend for non-irradiated
NaOL-KCl samples (black solid line) are reprinted from [19] with
permission from Elsevier. Copyright 2021.

The only exception is represented by NaOL + KCI
4% in the presence of azorubine: in this case the relaxa-
tion time after the UV treatment is very close to the val-
ue of the non-irradiated sample. As we mentioned in the
previous section, the remarkable increase in the viscosity
observed at this salt concentration is probably due to the
presence of aggregated structures.

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) experi-
ments were performed to investigate the thermal prop-
erties of the NaOL-KCL-azorubine systems. The thermo-
grams of the NaOL dispersions in the presence of KCI at
different concentrations (0, 3.5 and 4%) before and after
UV irradiation are reported in Figure 8. For the DSC
curves of the other investigated KCI concentrations see
the Supporting Information.

All the DSC thermograms show a free water melt-
ing peak at around 0°C. For KCl concentrations above
0.5 % a secondary endothermic peak occurs between -15
and -11°C, and it is related to the melting of the “inter-
facial” water molecules that are confined in the solvent-
rich domains between the entangled cylindrical micelles
[87-91]. A third endothermic peak appears when KCI con-
centration reaches 4%, as observed in our previous work
[19]. This thermal transition is attributed to the melting of
freezable bound water, i.e. the water molecules that closely
interact with the micellar surface and show a melting tem-
perature remarkably different from bulk water [61,92-96].

The melting temperature, the relative enthalpy
change and amount (%) of free water (AH,; T,,sand W)),

Exothermic Up

-30 -20 -10 0 10 20
Temperature (°C)

Figure 8. DSC heating curves before (solid lines) and after (dashed
lines) UV irradiation for NaOL 0.43 M mixture in the presence of
KCl at 0 (black), 3.5% (light blue) and 4% (pink).

interfacial water (AH,,;, T,,; and W,) and freezable bound
water (AH,,;, T,,, and W;) for all the examined samples,
before and after UV irradiation are listed in Table S2 in
the Supporting Information. A detailed discussion about
the theoretical background and the procedures for the
calculation of the thermal parameters can be found in
[19,26,61].

For the pristine non-irradiated samples W} rapidly
decreases, passing from 96% to 46% as the salt concen-
tration increases. Similar values are obtained for the
NaOL-KCI systems after the UV irradiation, demon-
strating that the endothermic process (i.e. the melting
of the free water) is not affected by the UV treatment, as
expected.

When KCI concentration increases, the melting peak
temperatures T, shift to lower values; conversely AH,,;
shows a progressive increase. As previously reported, the
addition of KCI (and the consequent Na*/K* exchange at
the micellar surface) leads to the formation of elongated
cylindrical micelles, and above a critical concentration
(see Figure 4) to the branching of the WLM network
[19]. For this reason the number of connections and
junctions within the micellar network increase, as well
as the number of water molecules confined within the
intermicellar domains, as evidenced by the values of W,.

By comparing the values of the peak temperatures
and of the enthalpy changes related to the melting of
the interfacial and bound water we conclude that the
UV treatment does not alter the hydration state of the
NaOL/KCl systems.

For the samples containing azorubine the values
of AH,s T,» Wy AH,,;, T,;, W;, AH,,, T, and W, are
reported in Table S2 in the Supporting Information.

The presence of the dye does not induce any remark-
able variation in the amount of free and interfacial
water, as well as in the values of peak temperatures and
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the relative enthalpy changes. The main difference is
represented by the freezable bound water melting peak,
that appears starting from KCl 3%. As indicated by the
viscosity measurements, the negatively charged sulfonate
groups in the azorubine molecule have a cooperative
effect with KCl in screening the electrostatic repulsion
between the micellar surfaces. This synergistic action
reduces the amount of salt that is required for the for-
mation of the micellar entangled network (and eventual-
ly the branched structures) and affects the thermal tran-
sition of the water molecules that closely interacts with
the micellar surface, i.e. the freezable bound water.

CONCLUSIONS

In this work we illustrate a simple and inexpensive
procedure for the formulation of green photo-responsive
viscoelastic fluids starting from non-toxic, biocompat-
ible, commercially available materials. The addition of a
food azo dye, azorubine, to a dispersion of sodium oleate
in the presence of KCl enables the modification of the
formulation rheological properties through an external
UV light stimulus. The UV treatment brings about the
trans-cis isomerization of azorubine, which is partially
intercalated between the surfactant polar heads, result-
ing in a modification of the wormlike micellar structure
of NaOL. This gives rise to a remarkable increase in the
formulation viscosity and a variation of the rheological
properties, as evidenced by viscosity and oscillatory-
shear measurements. The effect of azorubine is medi-
ated by the presence of the salt, since it occurs only in a
specific range of KCI concentration. DSC measurements
confirm the formation of wormlike micelles above a crit-
ical salt concentration, which is lower in the presence of
azorubine. The UV treatment does not affect the thermal
transitions of the NaOL dispersions, since no significant
variation is detected before and after the irradiation.

All these features, combined with the complete bio-
compatibility and non-toxicity break new ground in a
wide range of applications, from shale gas extraction
to controlled release and drug delivery, where a remote
control on the mechanical and physico-chemical proper-
ties of the formulation is crucial.
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Abstract. A technique for predicting the response of cells and tissues to a physico-
chemical stimulus without the use of expensive molecular markers and at time points
before any morphological changes can be visibly spotted would be a meaningful
addendum to the current set of bioimaging tools. One such method was developed
here based on correlating transformed distance matrices of populations of cultured
cells and digital checkerboard patterns derived from traditional central African draw-
ings in the sand. Similarity measurements were made at an early time point in the
therapy administered to bone cancer cells in the form of composite magnetic nano-
particles. At this early of a time point, the cell viability was mildly reduced, but no
gross alterations to the cell morphology or density were visible yet. Similarity score
evaluation demonstrated a significantly higher degree of similarity between the pat-
terns derived from the sand drawings and the cells subjected to the treatment than
between the former patterns and the untreated cell controls. The treated cells pro-
duced more ordered and symmetric patterns than the control ones after the process-
ing of their pairwise distant matrices, explaining their better geometric correlation
with the ancestral sand arabesques, which were monolinear and commonly comprised
multiple mirror planes and rotational symmetry axes. This has suggested that the
course of the therapy could be predicted by a relatively simple comparison between
raw optical images of cells and indigenous ideographs using the metrics postulated
here. The interdisciplinary method developed in this study may prove applicable for
in situ monitoring of the response of cells and tissues to various therapies, allowing
for the early indications of adverse effects to be noticed based on the simple optical
observations of cells and acted upon before the progression toward nonviable states
becomes irreversible. The method elaborated here may also provide an impetus for
a broader search for solutions to problems plaguing the modern medicine outside of
the scope of its mainstream analytical frameworks and in the ancestral heritage of rel-
atively obscure ethnic traditions.

Keywords: Anthropology; Bioimaging; Ethnoscience; Lusona; Nanomedicine; Pattern
recognition; Sona; Tchokwe.
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1. INTRODUCTION

Some time in the early 1930s, a Canadian neoclas-
sical composer and ethnomusicologist, Colin McPhee
visited an island in the Pacific called BaliV. During the
couple of months he spent there during his first visit, he
got enchanted by the traditional gamelan music of the
indigenous islanders to such an extent that he returned
to the West with the decision to transform the classical
music with the percussive style and unconventional tun-
ings and scales of the music of the islanders. Although
McPhee’s fusion music would be largely neglected and
unrecognized by the mainstream and the classical music
scene of his times, it would end up setting the scene for
the birth of rhythmically similar avant-garde concepts
by the likes of John Cage, Lou Harrison, Benjamin Brit-
ten, Philip Glass and Steve Reich, handing us a powerful
example of how delving into the deep past and the plac-
es inhabited by the poor, the unheeded and the under-
privileged could pave way toward the most advanced sci-
fi futures imaginable.

This story is one of many that have served as an
inspiration for this author’s diligent effort to provide an
impetus for rejuvenation of today’s scientific practice in
the west, which continues to hold an elitist, intrinsically
arrogant, neocolonial stance with respect to the scien-
tific methods and sources of knowledge emerging from
older, less technologically developed cultures, looking
down on them from unjustifiable heights. More than
three centuries have passed since the Newtonian astron-
omers proved that the ecclesiastical idea that the Sun is
moving while the Earth is still and the Galilean view of
the Sun at rest and the moving Earth must be merged
to get a correct picture?; a century has passed since the
demonstration of the particle/wave dualism in quantum
mechanics and, consequently, of the correctness of both
Newtonian and Huygens’ models of electromagnetic
radiation; more than eighty years have passed since the
valence bond and the molecular orbital theories explain-
ing chemical bonding were proven equivalent®; more
than fifty years have passed since the topological geom-
etry unified the Euclidean, metric geometry and analyti-
cal, projective geometry!¥, and yet the openness of the
western science to alternative models of physical real-
ity and tools for assessing it appears never to have been
lesser than today. Rare exceptions aside, the uniformi-
ties of methods, models, lifestyles and worldviews have
taken over the world, which increasingly closes itself
to the opportunities of their fundamentally novel ana-
logues, notwithstanding that it needs them for its own
good more than ever. As a consequence, curricula in
natural sciences in virtually every university across the
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globe have been fundamentally the samel®, reflecting a
false impression that scientific thinking evolved outside
of cultural boundaries!®. As these boundaries are erased,
individual cultures get trapped inside the dogma that a
single model of development suits them all”), creating
a potentially dangerous state where a leader of the cul-
tures in development, if it only turns out to be led astray,
could drag all of its myrmidons down a cliff. In contrast,
a healthier and more sustainable model for the global
development would be rooted in the fosterage of a diver-
sity of approaches and trajectories of growth!®].

The ethos of the story about McPhee and the
gamelan music instructs us through an analogy to
seek local and largely forgotten scientific practices on
the map of the world and translate their premises and
methods to the contemporary scientific settings in the
West. One such approach goes a step ahead of conven-
tional ethnoscience, which busies itself with rediscov-
ering the scientific methods native to specific cultures,
and tries instead to cross-fertilize the scientific language
and methods employed in the West with the ethnic ones
confined to either history books or cultures that often
find themselves on the brink of extinction. In doing so,
it is deemed that we would not only help revitalize the
western science, but also preserve the cultural and epis-
temological diversities of humanity, alongside unraveling
the often tangled yarn of politics and spotlighting the
issues of globalism, economic neoliberalism, neocolo-
nialism and neo-imperialism, which affect every aspect
of our existence ever so unnoticeably and ever so pro-
foundly®. For example, D’Ambrosio’s seminal work on
ethnomathematics was inextricably tied to the issues
of colonialism and so did Bishop’s studies on language
and education in Papua New Guinea lead to the insight
about “the cultural invasion in colonized countries by
western mathematics”('%; similarly, delving into the spe-
cifics of any ethnoscience increases the awareness of
the colonial history or ethnic struggles behind it, which
sheds an important historical and political connotation
to science per se. This lesson in history has been symp-
tomatically skipped by the educators and practition-
ers of the western science, which is unsurprising given
how easily such sociological determinants of the evolu-
tion of science can be discarded as inconsequential when
we stand atop an edifice built out of piles of paradigms
growing so tall that the foundations have become buried
deep out of sight.

At this point in the introduction, gears are sud-
denly shifted and the cell biology problematics tackled
in this study briefly described, as follows. Rare excep-
tions aside, all physiologically normal eukaryotic cells
require a contact with adjacent cells to properly prolif-
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erate and engage in normal metabolic activities. Conse-
quently, an increasing distance between cells populating
a surface, such as that of a cell culture plate, normally
signals an abnormality and an adverse response to the
treatment, if any. However, this relationship between
the cell distance and their viability is rather simplis-
tic and applicable only in late stages of the treatment,
when the adverse effects have become largely irrevers-
ible. More holistic attempts to correlate the broader
distribution parameters of cell aggregates with their
long-term viability have rarely been made. However, the
benefits of a model capable of predicting the cell fate
based on cell distance distribution in the early stages
of the treatment, when average gross distances between
the individual cells have not increased yet, are many
and include the ability to recognize any adverse signs
in the given cells during their monitoring in situ, which
would increase the overall positive effects of the thera-
py. This study is underlain by the premise that the spa-
tial ordering of the cells in culture, describable solely by
the translational symmetry parameters such as pairwise
distances, can be a marker for their future states in the
course of the treatment. In search of this pairwise dis-
tance distribution model, an ethnocentric route is being
followed, taking the searcher away from the western
mathematics or molecular biology and into the heart
of Africa, to drawings in the sand with which the local
indigenes have engaged in storytelling.

2. EXPERIMENTAL PART
2.1 Cell culture

K7M2-pCl murine osteosarcoma cell line was pur-
chased from the American Type Culture Collection
(Manassas, VA, USA). Cells were grown to confluency
before being plated on 12 mm circular glass cover slips
or in 48-well culture plates. Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum and 1% antibiot-
ic-antimycotic (Life Technologies, Carlsbad, CA). The
medium was replaced every 48 h, and the cultures were
incubated at 37 °C in a humidified atmosphere contain-
ing 5% CO,. Upon confluency, the cells were detached
from the cell culture flask surface using 0.25 wt.%
trypsin, washed, centrifuged (1000 rpm x 3 min), resus-
pended in fresh media and subcultured. The cultures
were regularly examined under an optical microscope to
check for their growth and possible contamination.

2.2 Nanoparticle synthesis and characterization

Composite nanoparticles consisted of iron oxide
cores, silica shells and carbon crusts and were modeled
after the stratified structure of the planet Earth!'!. Their
synthesis using a hydrothermal method and characteri-
zation using a variety of physicochemical techniques are
described in more detail elsewherel'. Briefly, iron oxide
nanoparticles were precipitated from an aqueous solu-
tion containing 10 mM FeCl;, 5 mM FeCl, and 0.1 vol.%
Triton X-100 by reacting it with a mixture of ammonia
and NaOH. The resulting dispersion of the nanoparticles
continued to be stirred and aged at 80 °C for 1 hour. A
1:1 mixture of tetraethylorthosilicate and (3-aminopro-
pyDtriethoxysilane was then added to the suspension to
deposit the silica layer. Carbon coating was deposited
in a hydrothermal reactor (Parr), using citric acid as the
carbon precursor. The reaction was run at 200 °C for 1
h. The suspension was concentrated via centrifugation in
Amicon Ultra-4 centrifugal filter tubes (Ultracel 100-K,
100,000 M,) to yield stable ferrofluids. High resolution
transmission electron microscopy (HR-TEM) analysis
was carried on a JEOL 2100F microscope equipped with
Schottky type field emission source and the cryo-pole-
piece operating at 200 keV. All images were recorded
using Gatan OneView camera with point-to-point reso-
lution of 0.26 nm, lattice resolution of 0.1 nm, and infor-
mation limit of 0.124 nm.

2.3 Cell viability assay

Near confluence, K7M2-pCl cells were divided to
two groups: the control one and the to-be-treated one.
The cells in the treatment group were treated with 5 mg/
ml of composite magnetic nanoparticles dispersed in
the cell culture medium and incubated at 37 °C and 5 %
CO, for 24 hours. After the given incubation time, the
cell viability was measured using the 3-[4, 5-dimethyl-
thiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)
assay. A 12 mM MTT stock solution was first pre-
pared by adding 1 ml of sterile phosphate buffered
saline (PBS) to a 5 mg vial of MTT and vortex-mixing
to ensure complete dissolution. Cells were washed with
PBS and 275 yl of 1:10 vol./vol. MTT/media were added
into each well. After 4 h of incubation at 37 °C, 211 pl
of the solution was removed and 125 pl of dimethyl sul-
foxide was added to each well. The plates were placed in
a 37 °C incubator shaker at 120 rpm for 30 min before
measuring the absorbance at 570 nm using the BMG
Labtech Fluostar Omega microplate spectrophotometer.
Viability was expressed in percentages and normalized
to the absorbance of the negative control, containing
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the growth medium alone. To account for the effect of
nanoparticles per se on the absorbance in the lysate, the
absorbance of the wells containing the growth medium
and the nanoparticles, but no cells, was subtracted from
that of the cells treated with the nanoparticles.

2.4. Fluorescent cell staining

Control and nanoparticle-treated cell cultures on
glass cover slips were fixed with 4% paraformaldehyde,
then washed with the wash buffer (0.1 wt.% Triton X
and 0.1 wt.% bovine serum albumin in PBS), and stained
with 0.2 ml per well of the staining solution containing
1:4000 v/v AlexaFluor 568 Phalloidin as an actin-stain-
ing reagent and one drop of NucBlue ReadyProbes as a
cell nucleus-staining reagent. Fixed cells were incubated
at room temperature for 2 hours before being mounted
and cured with ProLong Diamond antifade mounting
agent. Fluorescent cell images were acquired on a Nikon
T1-S/L100 confocal optical microscope and analyzed for
cell morphology and pairwise distances between cells
using Image] (NIH, Bethesda, MD).

3. RESULTS

Nanoparticles that the cells were challenged with
are displayed in Fig.1a, while their size distribution his-
togram is shown in Fig.1b. The particles were cuboid in
shape and very narrowly dispersed, ranging from 8 to
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16 nm in size, with the distribution peaking at 12 - 13
nm and the average size equaling 12.0 £ 2.3 nm. In spite
of the absence of any amphiphilic stabilizers as well as
the high surface-to-volume ratio of the nanoparticles
and the magnetic attraction between their ferromagnetic
cores, the nanoparticles were stable in suspension owing
to the electrostatic repulsion provided by the mono-
atomically thin carbon coating (Fig.1a). Monodisperse in
size and highly stable in suspension, the nanoparticles in
this form ensured the reproducibility of the therapy and
the evenness of the effect exhibited on cells in the cul-
ture. Earlier studies demonstrated that these nanoparti-
cles exhibit moderate anticancer effects against various
cancer cell lines™. On one hand, most nanoparticles
exhibit slower modes of action than small molecules, in
part because of their lower pharmacodynamic specificity
and in part because of their lower diffusion coeflicients.
On the other hand, this slower mode of action allows
for more facile in situ monitoring of the effects that the
therapy has on the cells. It enables the segmentation of
the therapy into narrow timeframes so as to capture the
fine changes occurring in the cells as the result of the
treatment. One such interruption of the treatment at its
early stages was accomplished in this study with the goal
of capturing the earliest sign that the cells have entered
the trajectory leading from viability to obliteration.
Consequently, fluorescent optical images of the cells
were acquired at a very specific time point, at which a
partial loss of viability in the treatment sample group
has started to occur, as demonstrated in Fig.2a, but no
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Figure 1. A representative transmission electron micrograph of the composite magnetic nanoparticles (a) and the corresponding particle
size histogram (b). Arrows in (a) denote the bright regions on the particle surface originating from the carbon coating that protects the par-

ticles against segregation.
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Figure 2. K7M2-pCl bone cancer cell viability (a) and fluorescent optical images (b-c) showing the K7M2-pCl cell nuclei stained in blue 24 h
after the onset of the treatment for the control (a, b) and the treated (a, c¢) population. Dimensions of the images (b) and (c) are 270 x 270 pm.

detrimental effects were evident by simply observing the
cells under the microscope. Hence, posed side by side,
the control and the treated cells after the 24 h incuba-
tion with the magnetic nanoparticles looked indistin-
guishable despite the beginning of the loss of viability of
the treated cells, as assessed by their levels of the mito-
chondrial activity!™ measured in an MTT test (Fig.2a).
Correspondingly, the image of control cells shown in
Fig.2b and the image of the treated cells shown in Fig.2¢
present the identical number of cells per image, in this
case 30, and the only difference between them can lie in
their spatial relations with the neighboring cells, which
cannot be discerned with the naked eye and requires the
transformation to an imaginary, computational space.
The central biological question underlying this study
was whether these imperceptible changes to the spatial
arrangement, if any, might hide a key to predicting the
cell fate at one such early time point in the treatment as
that captured in Fig.2.

In response to the stimulus, which in this case
comes from the addition of the nanoparticles to the
culture at a considerable concentration of 5 mg/ml, the
cells begin to migrate and rearrange. However, in spite
of the typical migration rates of dozens of micrometers
per hour™, such rearrangements for most inorganic
nanoparticle treatments produce changes that make it
impossible to induce the occurrence of adversity at early
time points. The hypothesis underlying this study was
that with an appropriate computational model, subtle
changes in the translational symmetry could be used to
predict the cell fate before the latter becomes phenotypi-
cally evident. In real life, this would help in noticing the

early disease progression during in situ monitoring of
organs and tissues, at which point the pathological pro-
cess is still reversible. An even bolder hypothesis posed
atop of this hypothesis is that the key to producing com-
putational methods for achieving this analytical predic-
tion lies dormant in ideograms drawn with sticks or fin-
gers in the sand as a part of indigenous storytelling. By
descending deep into the heart of Africa and selecting
ancestral figure drawings in the sand as sources of such
methods, it was deemed that the latter must be original,
so as to comply with the originality of the study, but also
primitivistic, thereby evoking the ideal held onto by Paul
Gauguin, who found his niche away from the western
world and on the island of Tahiti, which was to “go back
beyond the horses of the Parthenon to the rocking-horse
of the childhood”[l.

This simplistic, manualized process of converting
the raw cell images into digital checkerboard patterns
and comparing them against similar patterns derived
from the indigenous drawings proceeded as follows. In
the first step, pairwise distances between cells in a sin-
gle image were used to construct the corresponding
distance matrices. To do so, as it is illustrated in Fig.3,
the originally captured cells (Fig.3a) were stripped of
anything but their nuclei (Fig.3b) and assigned num-
bers starting from the top left to the bottom right in the
image, so that their numbering in the distance matrix
corresponded approximately to their location in the
culture dish from the viewer’s perspective. The pair-
wise distances were subsequently measured in pixels or
micrometers using Image] (Fig.3¢) and used to create the
distance matrices (Fig.3d), which were then converted
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Figure 3. A representative optical image of K7M2-pCl osteosarcoma cells fluorescently stained in red for f-actin and blue for the nucleus
(a). The image showing only the positions of the cell nuclei (b) is converted to dots corresponding to centers of nuclei (c) and used to meas-
ure the pairwise distances between cells (c). These distances are used to plot an absolute distance matrix (d) and a relative one, where dis-
tances are normalized to the largest distance in the image (e). The former matrix can be converted to an absolute heat map (f). To digitalize
one such heat map, distances ranging from 0 to the matrix average are assigned 0 value (white), while distances ranging from the matrix
average to 100 % are assigned the value of 1 (black) in order to create a matrix (g) that is comparable for similarity with the sona drawing
patterns based on the methodology described in Figs.4 and 5. The distance matrix heat maps were of the n x n dimensions, where n is the
number of cells used to construct the matrix. Here, n = 7 and the basic 7 x 7 patterns obtained from the distance matrices are demarcated
in (f) and (g) by the red dashed squares. Their extension resulted in 12 x 12 checkerboard patterns (f, g) comparable against the identically
dimensioned sona drawing patterns.
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to 2D heat maps (OriginPro 2016). Each square in these
heat maps represented a value ranging from 0 to 1 after
being normalized to the range between the zero distance
and the greatest distance between two cells in the image
(Fig.3f). To create digital checkerboard patterns, the
value of 1 was assigned to each square in the heat map
whose distance value was higher than the average for the
given matrix and the value of 0 to each square whose
distance value was lower than the average (Fig.3e, g). All
patterns were plotted in 12 x 12 dimensions. Although
this could be achieved by extending the pattern to the
missing rows and columns when there are less than 12
cells in an image, as it is illustrated in Fig.3, all pat-
terns used in the comparisons were created by using
the first 12 cells from the top left to the bottom right in
an image. Such patterns were then compared for simi-
larity against similar checkerboard patterns obtained
from hand-drawn contours in the sand corresponding
to selected (lu)sona (sing. lusona, pl. sona) ideograms of
Tchokwe, Lunda, Lwena, Xinge, Minungo, Ngangela and
Luchazi indigenes from the territories of today’s Angola,
Congo and Zambia.

Out of all these indigenous West Central Bantu
cultures, the sand drawings of the Tchokwe remain
the most historically preserved. Their current forms
trace a few hundred years back in time, not long before
or after the Tchokwe broke away from the Lunda chief-
dom of today’s Congo. The sona arabesques represent
the product and the means of the art of storytelling
that combines verbal expression with drawing continu-
ous lines in the sand around equidistant dots impressed
in the sand by the index and the ring finger. Because
of the vanishing of local traditions under the colonial
rules, it is mostly older men and women that are profi-
cient in drawing the sona figures in the sand. Although
such drawings serve as a common source of storytelling
to children, they have been traditionally used to amuse
and educate adults during social gatherings. Individ-
ual lusona figure drawings are used to represent flora
or fauna, manmade objects, natural or social events, or
entire myths. Most, but not all, lusona ideographs are
monolinear, that is, formed by drawing a single curved
line around a series of dots impressed in the sand with-
out touching them. All of the sona drawings used in this
study were monolinear and they represented a range of
objects and events, as reported by Gerdes'®, including a
nest of doves, a coop for carrying birds, the belly of the
lion, the chased chicken’s path, the bridge, the antelope’s
paws, and others. Despite the large amount of research
that went into collecting and preserving the Tchokwe
sand drawings compared to many other similar story-
telling and artistic traditions, there is still some ambigu-
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Figure 4. Steps involved in the conversion of a lusona drawing
into a simplistic checkerboard pattern. The lusona in (a) repre-
sents a nest of doves. A grid defined by dots in the sand (red cir-
cles) is then formed over the drawing (b). The squares of the grid
crossed during the drawing of the continuous curve are alternately
marked as black or white (c), yielding a distinct black-and-white
pattern (d), which is then redrawn without the underlying lusona
and extended to the dimensions comparable with the cell distance
matrix (in this case 12 x 12 starting from a 8 x 6 sona) (e).

ity with respect to the annotation of meaning to specific
ideograms. For example, the lusona representing fire is
highly similar to the sona representing the end of a fight
and a fishing trap; the sona illustrating the fight, a snake
on a tree trunk, and a dead one in a coffin bear high
levels of semblance!'; the lusona taken here to repre-
sent tiptoeing in a forest has also had multiple meanings
assigned to it, including that of a forest where a local,
unidentified bird lives.

The method for transforming the drawings in the
sand to digital checkboard patterns comparable with
those formed from the cell micrographs was adapted
from Gerdes?’. It involved the alternate assignment of
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Figure 5. Steps involved in the conversion of a lusona drawing into
a more intricate checkerboard pattern. The lusona in (a) represents
a human. The same process as that applying to the pattern in Fig.4
is carried out (b-d) to create an extended pattern corresponding to
the lusona drawing, with the dimensions comparable with the cell
distance matrix (in this case 12 x 12 starting from a 6 x 9 sona) (e).

black and white colors to the squares of a grid formed
around the nods of the drawing, as depicted in Figs.4
and 5. Here, Fig.4 represents the process of transform-
ing a lusona drawing representing a nest of doves to a
digitalized heat map, giving the simplest checkerboard
pattern derivable from sona drawings. Identical pat-
terns were obtained from numerous other sona draw-
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ings, including those representing the cricket’s party
and a basket for carrying birds. In contrast, Fig.5 repre-
sents the derivation of a more complex and unique, less
translationally symmetric pattern from the lusona draw-
ing representing a human being. In both cases, a grid is
drawn using the equidistant dots in the sand as nodes,
after which the curved line forming the drawing is
traced and the squares of the grid are assigned alternate
values of 1 and 0. The typically rectangular sona check-
erboard patterns were converted to 12 x 12 squares not
by multiplying the original matrices with their trans-
poses, but by extending the patterns to the missing rows
and columns or occasionally, as in the case of very large
drawings, such as that representing finding oneself in
the belly of a lion, cropped down to the 12 x 12 size. In
any case, it was ensured that the dimensions of the cell
distance maps and the sona patterns were both of the 12
x 12 size prior to the comparison. It was also ascertained
that the comparison was performed for cells before the
significant morphological deformations and loss of via-
bility have occurred because only in such a way does the
similarity, if observed, becomes a meaningful and reli-
able predictor of the treatment effect.

The comparison was based on the assignment of
scores measuring similarity between the control cells
and the cells challenged with the nanoparticles on one
side and 10 selected sona ideograms (Fig.6) on the oth-
er. The ideograms chosen for similarity matching were
selected from the aforementioned sona collections by
Gerdes, mostly based on the aesthetics of their repre-
sentation of a subject and without any prior idea of how
well they would perform on the similarity test. This was
done to ensure that the analysis proceeds in good faith
and in a bias-free manner. Any of the countless com-
putational algorithms, ranging from the codes used in
facial featurel?! or fingerprint?? recognition software
to the Bhattacharyya similarity coefficient integral to
programs for personalized product or service recom-
mendation®, could have been utilized for similarity
measurements in a far less time- and effort-consuming
manner, but that, it was deemed, would defy the primi-
tivistic premises of this study. To be loyal to the spirit of
simplicity intrinsic to the idea of using indigenous sand
drawings to predict the cell response to the nanoparticle
therapy, the similarity score evaluation was performed
using a self-devised method based on manually counting
the number of elementary shapes present in compared
patterns. Eleven of such basic shapes were constructed
and they were divided based on the number of squares
that they comprised: 3, 4 or 5 (Fig.7). Diagonal shapes
were not included in the comparison because of the cen-
trality of the diagonal lines to distances matrices in gen-
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Figure 6. All of the Tchokwe sona ideograms and their corresponding checkerboard patterns used in this study: (a) a nest of doves, (b) an
antelope’s paws, (c) walking on tiptoes in a forest, (d) a fairy swallow (a.k.a. a wading bird or a stork), (e) a bridge made of sticks and lianas,
(f) a human being, (g) the story about a bat and the sun, (h), fire, (i) looking sick, and (j) inside the belly of a lion.

eral (Fig.3). Similarity scores were measured manually
for 3 cell images obtained in 3 separate cell experiments
(n = 3 x 3) for each sample group, including the control
one and the treatment one, with respect to each of the

10 sona patterns. The resulting similarity scores were
then averaged within each sample group and compared
against different treatments. The following equation was
used to calculate the similarity score, S:
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S=3k+ 3%k’ + 4]l + 42’ + 5m + 5*>m’ )

Here, k, 1 and m represent the numbers of all the ele-
mentary shapes composed of 3, 4 and 5 squares, respec-
tively, that were present in the two compared check-
erboard patterns, one derived from the cell distance
matrix and the other one from a lusona drawing. In the
same equation, k’, I’ and m’ represent the numbers of
all the distinct elementary shapes composed of 3, 4 and
5 squares, respectively, in the two compared checker-
board patterns, one derived from the cell distance matrix
and the other one from a lusona drawing. The differ-
ence between k, | and m values and k’, I’ and m’ values is
that while the former correspond to all shapes of a given
type, including both the distinct ones and those that are
integral to larger shapes in the pattern, the latter corre-
spond only to shapes that are distinct and clearly deline-
able in the pattern; hence their higher contribution to S
through the squaring of the number of them recognized
in the two compared checkerboard patterns (Eq.1). This
similarity metric is illustrated in Fig.8, showing one
shape and one 4 shape in both patterns in Fig.8a. Since
the former is composed of two 4 shapes, k = 3 and k’ =
1. Meanwhile, 1 = 1 and I’ = 1 too, meaning that S = 38
as per Eq.1. Likewise, Fig.8b shows a hypothetic shape in
which 4 different 4 shapes could be discerned as well as
one , three 1, one IT and three |. All of these shapes
are immersed inside a more complex shape and only |
can be discerned as a distinct one. Therefore, in a case
where both compared patterns contain the same shape as
that in Fig. 8b, 3k = 33 + 4.3 = 21, 4l = 41 + 43 = 16,
and 5m = 5-1, while 32k’ = 321, meaning that S = 51.

The results of the comparison analyses demonstrat-
ed a significantly higher degree of similarity between
the sona patterns and the cells subjected to the treat-
ment than between the sona patterns and the control,
untreated cells. Concordantly, Fig.9 shows that for 4 out
of 10 sona patterns, namely a nest of doves, an antelope’s
paws, walking on tiptoes in a forest and the human
being, the similarity with the treated cells was signifi-
cantly higher than that with the control cells. The stand-
ard level of statistical confidence (p < 0.05) applied to
the difference between these pairs of values. Simultane-
ously, for 3 more sona patterns, namely the story about
the bat and the sun, fire and inside the belly of a lion,
the similarity score was higher for the treated cells than
for the untreated ones with a relatively high level of sta-
tistical confidence, averaging at p = 0.087 * 0.030, very
near the conventional limit of p = 0.05. Furthermore,
with respect to the 3 remaining sona patterns, namely
a fairy swallow, a bridge made of sticks and lianas, and
looking sick, the similarity score was higher for the
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Figure 7. Basic shapes used to measure the similarity score between
the digitalized cell distance matrix heat maps and the sona patterns.
Each shape present in both of the compared patterns added the
number of points equivalent to the number of blocks comprising
it to the similarity score: 3 points (a), 4 points (b) or 5 points (c).
Each shape that was not a part of a larger shape, but was distinct
in both patterns added the squared number of blocks comprising
it to the similarity score: 3% points (a), 4* points (b) or 5% points (c).
Overall, the number of identical shapes in subfigures (a), (b) and
(c) was used to derive the numbers k/K, I/I' and m/m) respectively,

and compute the similarity score, S.
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Figure 8. A schematic illustration of the assignment of k, K I, I, m
and m’ values in two hypothetic cases corresponding to the identi-
cal shapes in (a) and (b) detected in both of the compared patterns,
one derived from the pairwise cell distance matrices and another
one derived from sona drawings.

treated cells than for the control ones, but with nil lev-
els of statistical significance. These results unequivocally
indicate that sona drawings could be a good early-stage
predictor of the response of cells and tissues to a therapy
administered in the form of magnetic nanoparticles.
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Figure 9. Comparison of similarity scores for different sona pat-
terns and two cell populations, one that was left intact (control,
wine) and one that was subjected to the nanoparticle therapy (treat-
ment, green). Individual bars are data points representing averages
(n = 3 x 3), while error bars represent the standard deviation. Data
points statistically significantly different (p < 0.05) with respect
to one another are connected with an asterisk. Comparative data
points whose difference displayed moderate levels of statistical sig-
nificance are connected with exact p-values. The reader is referred
to Fig.6 for the identification of sona patterns marked with (a)
through (j).

Notwithstanding the apparently higher similarity
of the sona patterns to the treated cell population than
to the control one, the absolute similarity scores varied
between different sona patterns within a single cell sam-
ple group. Thus, for example, the similarity with respect
to the pattern representing a bridge made of sticks and
lianas was very low, while the one with respect to the
lusona illustrating tiptoes in a forest was very high. As
for the latter, the simultaneous presence of distinct
and 4 shapes in both a representative cell pattern and
the lusona pattern representing tiptoeing in the woods
can be seen in Fig.10, serving as a testimony to this high
level of similarity. Initially, it was hypothesized that cer-
tain sona patterns, such as those standing for feeling
sick or finding oneself in the belly of a lion might bear
higher levels of similarity with respect to cells thrown
off the equilibrium by the treatment, while the control
cells might be resonating more with sona representing
the nest of doves or antelope’s paws, but no such trends
were noticed.

The overall trend noticed during the analysis, in
fact, was that the treated cells, on average, gave consid-
erably more ordered and symmetric digital cell distance
patterns than the control cells (Fig.11), which is a signifi-

Treatment

Figure 10. An example of a high level of similarity between two
digital checkerboard patterns, one obtained from an image of the
treated cells and another from a sona drawing representing tiptoeing
in a forest. Adjacent squares and I shapes are denoted as discernable
in both the cell pattern and the comparative lusona pattern.

Control

Treatment B

Figure 11. Two indistinct images of control and treated cell popu-
lations yielding drastically different cell distance checkerboard pat-
terns.

cant insight in itself, unrelated to the similarity with the
sona patterns. This is illustrated by the scores assigned
to the total number of recognizable basic elements
shown in Fig.7, which equaled 205 * 30 per image for
the control and 276 + 42 per image for the treated popu-
lation. Since sona drawings tend to be relatively symmet-
ric, commonly possessing one or more mirror symmetry
planes and rotational symmetry axes, including 2-fold
(180 ©), 3-fold (120 °) or 4-fold (90 °), it is thus logical to
expect that their similarity with the treated cells would
be higher than that with the untreated, control ones, and
this was verified in the course of the similarity analyses.
A completely different question is why the cells chal-
lenged by the treatment tend to adopt greater levels of
translational orderliness, at least in the indirect met-
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rics utilized here. An explanation referring to the con-
tact between the nanoparticles and the cells as the one
sending downstream signals that alter the gene expres-
sion, which in turn affects cell signaling and, thence, the
intercellular distancing would be purely phenomenologi-
cal and pines for a more detailed mechanistic insight. To
start with, it could be noted that apoptosis and individu-
ation are natural complements, given that cells embark-
ing on the apoptotic path tend to estrange themselves
from the cellular community. This tendency toward
individuation may be one factor favoring the observed
separation at more regular intervals among cells subject-
ed to the nanoparticle therapy than among the control
cells. As in concert with these findings, prior research
has shown that imposition of an excessive translational
order to the cells produces higher levels of mechano-
chemical stress, but leads to boosted metabolism®4. The
subtle effects of translational order in the environment
around the cells and within the cell assemblies per se are
largely unexplored and the developments of novel met-
rics, such as the one proposed here, are needed to under-
stand these effects better.

4. DISCUSSION

Albeit merely scratched so far, the possibilities of
interdisciplinary research appear to be limitless. One
implicit objective of this study was to explore the cross-
fertilization of two relatively distant disciplines, specifi-
cally cell biology and ancestral storytelling. The study
emerged from an aspiration to prove the capacity of
indigenous and largely forgotten sources of knowl-
edge and perspectives at life to solve some of the most
actual problems of the western science and medicine. In
its course, the study demonstrated that the traditional
drawings in the sand by the Tchokwe tribes and other
indigenes of central Africa can be used to predict the
evolution of the cells toward nonviable states based on a
simple visual observation thereof and the processing of
their spatial order using a primitivistic computational
model devised and described here. Specifically, similari-
ty between the digital pairwise distance patterns derived
from the optical images of cells and analogous patterns
derived from sand drawings representing a range of dif-
ferent objects and events was significantly higher for
cell populations subjected to the nanoparticle therapy
than for the control cells. The fact that this difference in
similarity was observed at stages of the therapy when no
apparent morphological deformities or cell density drops
were noticeable suggests that this method may prove
applicable for in situ monitoring of the response of tis-
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sues or organs to various therapies, in such a way that
the slightest indications of adversities would be noticed
timely and acted upon before their effects become irre-
versible. If so, we might witness a day when what Afri-
can men and women drew in the sand to amuse and
inspire their families and companions makes its way
to the modern clinics as a part of tools capable of sav-
ing lives through avenues undreamt of by their humble
originators.

By correlating the specifics of western cell biology
with indigenous storytelling practices, this study has
followed an authentically ethnoscientific approach. By
definition, similarly to the way anticolonial strongholds
provide a resistance to the urges to subdue the local cul-
tures to the global trends and influences, ethnoscience
has challenged the elitist views of universalistic science
and its methods by engaging in the rediscovery of sci-
entific worldviews and practices associated with local
and largely underdeveloped cultural milieus not promi-
nent on the map of the world. Sadly, however, how rare
such ethnoscientific approaches have been so far is best
illustrated by the fact that only a little over one hundred
papers are currently listed in the Web of Science data-
base satisfying the topic keyword “ethnoscience”, most
of which, moreover, relate to the science of ethnography,
which this term was first coined to describe in the 1960s.
Phenotypic heterogeneities notwithstanding, the basics
of cell biology, however, call attention to the malignan-
cies associated with the rise of operational uniform-
ity amongst cell aggregates in tissues, and it may just
as well be the same with the social structures in which
perspectives at science and other vital aspects of the
society have grown exceedingly uniform. It is believed
that engaging in studies aimed at discovering the prac-
tical epistemic ties between forgotten ethnic traditions
and modern science would not only provide meaningful
addenda to the repertoire of tools for predicting the cell
response to therapy or any other form of physicochemi-
cal influence, but it may also provide an imperceptible
contribution to healing the world at its broader, sociopo-
litical scales, which hover over our sciences interminably
and, as it were, ominously.

It is understandable that cross-fertilization of disci-
plines, such as that accomplished here, will be met with
disbelief by the bulk of the scientific community, but
this is only because the ideal of interdisciplinarity has
been approached very shyly throughout the past couple
of decades. Bold embracement of this ideal and concep-
tion of models that transcend the boundaries of individ-
ual disciplines to reach out to some of their most distant
counterparts may appear radical, but only because the
stereotypical scientist of the modern day has not become
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accustomed to this approach. Another cause of disbelief
is tied to the fact that out of all scientific disciplines, bio-
medical science has been possibly the most resistant one
to intrusion of influence from humanities or related dis-
ciplines. Any transdisciplinary models that build on the
current medical trends and technologies via cross-fer-
tilization with arts or humanities have a high chance of
being accused as pseudoscience, with the creator of such
concepts better being ready to face the dire consequences
of his free and reckless thought. The fact that the model
devised here goes beyond a mere qualitative elaboration
and employs a rigorous quantitative approach may not
do it a favor either and it may only reinforce the aura of
lunacy around its creator, and this only because of the
unaccustomedness of the scientific community to the
interdisciplinary crossroads like the one constructed here.
However, if the heavily forested, wild and uncultivated
path partially cleared with this work becomes followed
by other authors and groups, the future may bring about
similarly daring and provocative encounters of disciplines
and they will no longer appear as outlandish as they do
today. This is where the views endorsed here could be
christened visionary, even though their genesis and dis-
semination have been purely accidental. Any of such
views that may be deemed visionary have emerged from a
simple desire to save the forgotten traditions of the world
from their steady descents into oblivion. How this looking
back fondly into a distant past paves way for the future is
left for other progressive philosophers to untangle.
Another notion that may make many science main-
streamers cringe is that of analogy intrinsic at two places
in this study: first at the point where McPhee’s pioneer-
ing work in ethnomusicology inspired the ethnoscien-
tific premises of this work and secondly, with respect to
the correspondence between biological patterns of cell
activity and patterns derived from the ancient African
tradition of storytelling. Analogies, of course, are dou-
ble-edged swords, as they underscore the mental reason-
ing of lunatics and of creative thinkers alike. Obviously,
they can be misleading, as it can be exemplified by a
number of cases from the history of science®’l. On the
other hand, there are countless examples of revolution-
ary scientific concepts that stemmed from their origi-
nators’ envisioning a lucid analogy between domains
dominated by completely disparate phenomenal®®. In
fact, the very notion of the model in the domain of sci-
entific theory can be taken to imply that the description
of a physical system has been modeled after something
else, meaning that the role of analogies in establishing
explanatory models in science must be nothing short of
crucial. For this reason, reliance on analogies in science
bears resemblance to holding a double-edged sword,

which may turn into an effective tool one moment and
the medium for self-destruction another. In defense of
the use of analogies in this study, being inspired by it in
terms of the advents in ethnomusicology is no sin. But
neither is the attempt to compute conditions for a rigor-
ous geometric correspondence between cellular patterns
originating from a biomedical lab and sand patterns
drawn by ancient African storytellers. The establishment
of one such correspondence at the elemental geometric
level in a statistically and methodologically solid way is
sufficient to rid the model of any accusations of weak
analogism. As ever, good science is the best remedy
against its mediocre counterpart. However, the common
fallacy of the mainstream scientific thought is to assign
the epithet of superficiality or charlatanism to anyone
enwrapping science with broader historical, geopolitical
or aesthetic insights. What underlies one such fallacious
deduction is nothing other but falling prey to the trap
of analogy, namely between an unconventional breadth
of the intellect expressed in unorthodox forms and the
dilution of this intellect. To put it simply, the elaboration
of the process of thought that inspired the ideas behind
this study and the exposition of the broader social con-
text that the study sprang from and that it could have an
effect on should not cloud the analytical rigor and good-
ness of science that lies at its core.

Finally, it is worth reemphasizing that this has been
primarily a conceptual study aiming to probe new inter-
disciplinary grounds and propose an entirely new meth-
odology. Because of this conceptual nature of the study,
an indefinite room for the perfection of the method is
left for the up and coming pursuers of this “anticolonial”
approach to science to probe. In that sense, should this
study succeed in sparking the interest in further explo-
rations of these and other ancestral drawings as sources
of patterns usable in some of the most advanced spheres
of science, it is conceivable that countless methods to
process these geometries into codes applicable in a range
of similarity algorithms would emerge. For example,
instead of employing an intrinsically digital, 0/1 princi-
ple in the construction of the patterns, a series of equi-
distant values - for example, 1, 0.66, 0.33, 0, and over
again - could be ascribed to successive squares covered
by the finger as it draws the monolinear curve. Also,
patterns could be constructed by mimicking the sliding
of a quill pen down the paper and gradually decreas-
ing the values assigned to squares traversed by the fin-
ger through the sand, as it is described in Fig.12. These
amendments to the proposed model are explicated here
because the goal, deep down, is not to force the reader
into the adoption of a single computational worldview,
but rather to inspire her to go beyond the model in ques-
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Figure 12. Transforming the Tchokwe lusona representing a nest of doves not into a digital (1010101...

) heat map like the one used for

comparison purposes, but to a heat map where the values assigned to the squares decline in direct proportion to the number of squares
crossed by the monolinear line as it traces its way from the point of origin back to it.

tion and branch it into one or more out of infinite pos-
sible directions. This, needless to add, is in agreement
with the broader aforementioned goal of incentivizing
the global development in such a way that diversity of
perspectives on knowledge creation is fostered rather
than abolished in favor of intrinsically colonial, univer-
salist approaches. Moreover, the matching of the pat-
terns more complex than the digital patterns used in
this work would likely require more sophisticated com-
puter algorithms than the one employed here. In this
study, such algorithms were deliberately stayed away
from on the basis of the assumption that excessively
complex computations would be at odds with the sim-
plistic premises of the study. Namely, this is one out of
many of the recent so-called backyard studies by this
author, which fall under the umbrella of what has been
christened as science of and for the poor?”-28:29, As per
this philosophy, the use of simplistic, inherently “poor”
methods is favored over the use of their more exquisite
oppositesP’, whenever possible, lest the issues of dis-
loyalty with respect to the essence of the philosophy of
science of and for the poor become suspected. One such
simplistic but strenuous method for pattern similarity
scoring was created from scratch and proven feasible in
this study, which is not to say that more computation-
ally complex methods may not give even more reliable
comparisons and predictions. Such more complex meth-
ods, however, are left for scientists better equipped with
sophisticated computational skills and devices to devise
and implement, which this author neither is nor aspires
to be. Nevertheless, the seed of hope sown between these
lines is that more computationally in-depth examina-
tions of this model may eventually evolve into scale-
invariant approaches for predicting phenomena in
countless other existential domains, from biophysics to
economy to human behavior. Hope also remains that the
proof of concept presented here will arouse the interest
of the scientific community in engaging in the discov-

ery of similar models built on the interchange between
natural sciences and unknown indigenous traditions
of the world. One such path might gradually guide sci-
ence away from a universalistic, neocolonial elitism and
into humbler waters, more respectful of ancestral world-
views and indigenous practices of acquiring and sharing
knowledge.

This study has demonstrated that ancestral draw-
ings may appear simple on surface, but like all physical
expressions, they can be converted to complex patterns
with applicability in virtually every scientific discipline.
As far as the Tchokwe sand drawings are concerned, they
have inspired sparse research in graph theory?, symme-
try groupst and derivation of various elementary math-
ematical operations®’l. However, countless other similar
visual forms, including constellations of stars, mandalas,
kaleidoscope fractals, musical harmonies converted to
geometric figures or ornaments in monasteries and tem-
ples could present similar sources of patterns that could
be harnessed for practical uses in countless fields of sci-
ence. Fishermen from tropical islands have had unique
ways of counting and describing the aggregates of aquatic
organisms, alongside pebbles, shells and notches®%, and
such models can prove useful in predicting the outcomes
of cellular populations challenged with various treat-
ments at early time points based on their aggregation
degrees or other interaction parameters. The distinct
enumeration of coconuts and divination spirits native to
the Caroline Islands in the Pacific, which influenced the
measures used in the construction of habitats and social
ranking®®, can be another source of numerical symme-
tries relatable to the ordering of cells in tissue culture.
Yet another example may come from seafaring maps con-
structed by islanders from the South Seas®®, which could
be tested with a little bit of imagination for their ability
to predict cell fate in correspondence with asymmetries
and other spatial inclinations exhibited by the cells.
Implicitly, in fact, this study has aspired to spur the inter-
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est of researchers in such models that are made possible
by the fractal nature of the physical reality, where simi-
larities of patterns exist across all scales?”\. Such interests,
if diligently explored, may bring about novel marriages
between disciplines, which, just like progenies of geneti-
cally distant parents, may be freer of recessive degenera-
cies arising from stale reiterations of the same old para-
digm. Many of such studies, as this author hopes, will
move one step ahead of the most anticipatable scenario
where the ethnic scientific component gets absorbed into
the western scientific perspective, something that this
study, itself, could be reprimanded for. Knowing that the
criticisms of colonialism have been more often than not
infected by that which they criticized®®5%, this raises a
cautionary viewpoint warning against biases that implic-
itly favor the epistemological grounds on which the view-
er stands. Contrarily, here, the rarer and more outstand-
ing approaches would be such that they absorb the west-
ern science points of view into a local, ethnic perspective
and allow the latter to grow, producing along the way
scientific methods, modalities of reasoning and forms of
expression that are nothing like the conventional empiri-
cal settings, analytical frameworks and scientific papers
produced in the West. Ultimately, such interdisciplinary
crossings may reawake the renaissance interest in the
imaginative association of hard science with arts, with
positive repercussions on the viability of both not being
able to be measured by all the grains of sand in this
world. Until then, we should make sure that these lines
in the sand, like Archimedes’ circles drawn in the prox-
imity of inconspicuous uniforms and boots exerting the
misdemeanors of neocolonial elitism, are let be.

5. CONCLUSION

This study describes a primitivistic computational
technique for predicting the response of cells and tis-
sues to treatment at its early stages, when no gross mor-
phological or cell density changes are detectable yet. The
technique is based on measuring the degree of geomet-
ric correlation between transformed distance matrices
of populations of cultured cells and digital checkerboard
patterns derived from a set of traditional central African
drawings in the sand. Experiments performed on osteo-
sarcoma cells subjected to an anticancer therapy in the
form of magnetic nanoparticles resulted in the detection
of significant similarity between the patterns obtained
by processing the pairwise distance matrices of treat-
ed cells and the patterns obtained from the indigenous
sand drawings relative to the control. Based on these
results, it can be concluded that the course of the ther-

apy is predictable by comparing optical images of cells
with indigenous ideographs processed using the metrics
postulated by the model. The success of this method may
provide an impetus for finding solutions to problems
plaguing the modern medicine outside of the scope of its
mainstream analytical frameworks and in the ancestral
heritage of relatively obscure ethnic traditions.
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Abstract. This paper considers aspects of the chemistry-physics relationship from a
historical perspective and with a focus on the entrance of quantum mechanics in twen-
tieth-century chemistry. Traditionally, theoretical physics was widely regarded as epis-
temically superior to chemistry if also, from the chemists’ point of view, of little practi-
cal relevance. With the emergence of quantum chemistry in about 1930, the gulf wid-
ened as it seemed that the new discipline was more physics than chemistry. One way
of investigating theoretically many-electron atoms was by means of the Hartree-Fock
approximation method. The Moller-Plesset perturbation theory introduced in 1934
by a Danish and an American physicist was a refinement to the Hartree-Fock meth-
od. Although the Moller-Plesset theory was initially neglected — and is still neglected
in the historiography of quantum chemistry - it came to play a most important role
in later studies. Indeed, it is a prime example of what in sociological studies of sci-
ence is known as a “sleeping beauty” The paper discusses the historical context of the
Moller-Plesset theory, concluding that, in a sense, its originators were “chemists with-
out knowing it”

Keywords: quantum chemistry, chemistry-physics relations, Moller-Plesset theory,
chemistry Nobel Prizes, sleeping beauties.

1. INTRODUCTION

Much has been written on the physics-chemistry relationship from both
a historical and philosophical perspective.! In the first part of this paper I
briefly discuss how physicists have often considered chemistry a science infe-
rior to their own (Section 2). This somewhat condescending attitude was
only reinforced with the advent of the so-called old quantum theory princi-
pally due to Niels Bohr and Arnold Sommerfeld (Section 3). The second part
is devoted to the emergence and early development of quantum chemistry
based on post-1925 quantum mechanics (sections 4-5). Rather than dealing
with the chemical bond, a classical and well-researched area of the quantum-
chemical revolution, the paper looks at a theory of many-electron systems
from 1934 which seems to have been forgotten in the historical literature
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(Section 6). This theory, the Moller-Plesset perturbation
theory or method, has an interesting and little-known
history. It illustrates in its own way how physicists unin-
tendedly could make important contributions to theoret-
ical chemistry. Moreover, it also illustrates the concept
of a “sleeping beauty,” a term used for scientific papers
which hibernate for a long time until they are called
alive and become highly influential (Section 7). In the
final Section 8 I briefly reconsider the physics-chemistry
relationship in the light of the history of the Nobel priz-
es awarded to either physicists or chemists.

2. CHEMISTRY VERSUS PHYSICS? THE EARLY PHASE

The relationship between the two sister sciences
chemistry and physics has never been fixed but always in
a state of flux. Traditionally, physics was considered the
big brother, a much nobler and more scientific field than
the supposedly primitive and empirical chemistry. This
is an old image still widely shared in the public and also,
regrettably, by many scientists. As far back as 1669 Ber-
nard Fontenelle, the perpetual secretary of the Académie
Royale des Sciences in Paris, wrote as follows:

Through its visible operations, chemistry resolves bodies
into a certain number of crude tangible principles; salts,
sulfurs, etc. while through its delicate speculations, physics
acts on the principles as chemistry acts on bodies, resolv-
ing them into other even simpler principles, small bodies
fashioned and moved in an infinite number of ways. ...
The spirit of physics is clearer, simpler, less obstructed, and,
finally, goes right to the origins of things, while the spirit of
chemistry does not go to the end.”/

More than a century later, after Newton’s mechani-
cal physics had been generally accepted, Immanuel Kant
repeated Fontenelle’s message of chemistry’s lower epis-
temic status. Not only was chemistry inferior to Newto-
nian physics, according to Kant it was not even a genu-
ine science and could never become one. The problem
was that by its very nature laboratory-based chemistry
was, or was claimed to be, intractable to the mathemati-
cal method and systematic deduction from higher laws
or principles. As Kant expressed it in his Metaphysische
Anfangsgriinde der Naturwissenschaft from 1786:

Chemistry can be nothing more than a systematic art or
experimental doctrine, but never a proper science, because
its principles are merely empirical, and allow of no a priori
presentation in intuition. Consequently, they do not in the
least make the principles of chemical appearances conceiv-
able with respect to their possibility, for they are not recep-
tive to the application of mathematics.”
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At the time when Kant degraded chemistry to a
non-science there were already a few attempts to apply
mechanical physics to chemical phenomena, indeed to
subjugate the latter under the former. Thus, in an ambi-
tious work of 1758 with the characteristic title Essai
de Chymie Mécanique the Swiss natural philosopher
Georges-Louis Le Sage claimed to have explained chemi-
cal affinity and properties of matter purely in terms of
mechanical physics. According to Le Sage, cohesion,
affinity, and gravitation were all aspects of the same gen-
eral law of mechanics.™

Later in the century, the Newtonian paradigm came
to be highly regarded by chemists and physicists in the
French tradition mainly due to Pierre-Simon Laplace
and Claude Louis Berthollet. However, the dream of a
Newtonian chemistry was more rhetoric than reality.
It remained a dream and in the early part of the nine-
teenth century it was realized to be a dead end.’! Dur-
ing the last quarter of the century the dream was shortly
revived in the version of “vortex chemistry” based on
the mathematically advanced theory of the vortex atom
proposed by William Thomson, J. J. Thomson, William
Hicks, and other British physicists. However, to the large
majority of chemists this theory was too much physics
and mathematics, and too little chemistry. Latest by the
turn of the century vortex chemistry (and vortex atom
theory generally) was abandoned. Still, a few chemists
in Britain and the United States responded favorably to
J. J. Thomson’s vision of a vortex chemistry. Harry C.
Jones, a physical chemist at Johns Hopkins, referred pos-
itively to the theory in a textbook of 1902. And accord-
ing to Francis Venable, professor of chemistry at the
University of North Carolina, the vortex theory of mat-
ter offered a future theory of everything which included
all chemical phenomena.”

When speaking about the chemistry-physics rela-
tionship over long periods of time it is important to
avoid anachronisms and keep in mind that the terms
“chemistry” and “physics” once had different meanings
than they have today. What Fontenelle and Kant referred
to with these terms cannot be directly translated into
the sciences as known in the second half of the nine-
teenth century. This said, we shall first briefly consider
some aspects of the relationship between chemistry and
physics in the period from about 1880 and 1920. By that
time Kant’s claim of chemistry as a non-scientific art
had long been contradicted by its explosive development.
And yet the epistemic status of chemistry as compared
to that of physics remained a matter of discussion.

With the emergence of chemical thermodynamics,
a highly abstract yet empirically powerful theory devel-
oped principally by Josiah Willard Gibbs in the United
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States and Hermann Helmholtz in Germany, it seemed
for a while that chemistry had been solidly founded in
universal laws of nature. However, it was a founda-
tion laid by physicists with no experience in laboratory
chemistry and no high opinion of the kind of work most
chemists were engaged in. As Helmholtz arrogantly
expressed it in a letter of 1891: “Thermodynamic laws
in their abstract form can only be grasped by rigorously
schooled mathematicians, and are accordingly scarcely
accessible to the people who want to do experiments
on solutions and their vapor tensions, freezing points,
heats of solution, &c.”®) Helmholtz referred somewhat
condescendingly to the new school of physical chemis-
try established by Svante Arrhenius, Jacobus van’ t Hoff,
Wilhelm Ostwald, and others.

Nevertheless, by the turn of the century a small
group of chemists had become “rigorously schooled
mathematicians” who mastered the abstract theory of
thermodynamics. One of them was the Dutch chem-
ist Johannes van Laar who in a series of works culti-
vated thermodynamics as the royal road to what he
called “mathematical chemistry.”®’ On the other hand,
although thermodynamics was a major step toward inte-
grating physics and chemistry, it was at most a partial
integration. After all, thermodynamics is concerned only
with the state functions and bulk matter, whereas it is
not applicable to the chemical elements and compounds
— or to atoms and molecules - that chemistry is first and
foremost about.

Traditional chemists found the mathematics of
physical theories to be incomprehensible as well as irrel-
evant for their science, and there were also other reasons
why many of them resisted what they felt was an intru-
sion of physics into chemistry. One of the reasons was
the discovery in the 1890s of radioactivity and the elec-
tron. The great Dmitri Mendeleev was in some respects
a traditionalist who firmly believed that if the physicists’
subatomic particle (the electron) and transmutation of
elements (radioactivity) were accepted, chemistry would
degrade into a pre-scientific state.'”) He thought to have
found an alternative to the new physics in the form of
the ether, which he, contrary to the physicists, conceived
as an ultralight chemical element with a place in the
periodic table. Referring to radioactivity and what he
called the “metachemical” electron, he stated: “It is my
desire to replace such vague ideas by a more real notion
of the chemical nature of the ether.”!) Mendeleev want-
ed to establish the supremacy of chemistry over the new
physics, but the large majority of scientists — whether
physicists or chemists — ignored his grand project.

Although Mendeleev’s proposal of incorporating
the world ether as an essential part of chemistry failed,

several contemporary chemists shared his skeptical or
even hostile attitude to the new physics. One example is
Arthur Smithells, professor of chemistry at the Univer-
sity of Leeds, who in a presidential address to the 1907
meeting in Leicester of the British Association for the
Advancement of Science (BAAS) warned against what he
called the “invasion” of chemistry by mathematics and
physics:

With radioactivity, in relation to the ponderable, we seem
almost to be creating a chemistry of phantoms ... associat-
ed as it is with the exuberance of mathematical speculation
of the most bewildering kind concerning the nature, or per-
haps I should say the want of nature, of matter. ... Though
chemistry and physics meet and blend there is an essential
difference between the genius of physics and the genius of
chemistry. Apart from his manipulative skills, the latter
is not given to elaborate theories and is usually averse to
speculation; nor has he the usually an aptitude in mathe-
matics. ... Chemistry should not be invaded by mathemati-
cal theorists.1?

Henry Armstrong, like Smithells a chemical tra-
ditionalist, noted in another presidential address to the
chemical section of BAAS two years later that “now that
physicists are regular excursionists into our territory, it
is essential that our methods and our criteria be under-
stood by them.” He found it “a serious matter that chem-
istry should be so neglected by physicists.”!?]

3. QUANTUM THEORY ENTERS CHEMISTRY

The gulf between chemistry and physics only deep-
ened with the advent of Niels Bohr’s quantum atom
which not only addressed physical problems but also
chemical. After all, the title of his three seminal arti-
cles in the 1913 volume of Philosophical Magazine was
“On the Constitution of Atoms and Molecules.” Bohr
applied the new theory to problems which traditionally
belonged to chemistry, such as the heat of formation of
molecular hydrogen, the covalent bond, and the periodic
system of the elements.' In an address of 1920 given
to the Royal Danish Academy of Sciences, he cautiously
suggested that in the future theoretical chemistry might
become a branch of atomic physics: “Since ... a possibil-
ity has been opened up of interpreting chemical experi-
ences with the aid of considerations originating in the
so-called physical phenomena, a connection between
physics and chemistry has been created which does not
correspond to anything conceived of before.”['*!

Other theoretical physicists were more direct in
their reductionist attitude to the physics-chemistry rela-
tionship. Max Born in Géttingen tended to see chemis-
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try as inferior to physics because chemistry — which he,
contrary to Kant, after all admitted as a proper science
- lacked a mathematical foundation. To illustrate his
point, he made use of a military metaphor:

We realize that we have not yet penetrated far into the vast
territory of chemistry, yet we have travelled far enough to
see before us in the distance the passes that must be tra-
versed before physics can impose her laws upon her neigh-
bor science."®

For a while, several physicists thought that Bohr,
with his new quantum theory of atoms and molecules,
might become the new Newton who succeeded in basing
chemistry deductively on the higher principles of phys-
ics. The British physicist Oliver Lodge referred implic-
itly to the Kantian dream of a mathematized chemistry
when he lyrically wrote about “The brilliant attempts
at further analysis of the atoms of all the chemical ele-
ments, so as to deduce their properties — the full beauty
of atomic astronomy which is now unfolding before the
eyes of enthusiastic experts.” He concluded that, “we
are living in the dawn of a kind of atomic astronomy
which looks as if it were going to do for Chemistry what
Newton did for the Solar System.”l'”] Born’s colleague in
Gottingen, the great mathematician David Hilbert, was
more explicit. According to him, the desired reduction
of chemistry to physics required “a Newton of atomic
theory, and this has been Niels Bohr, who on the basis of
new physical ideas, namely, the quantum theory, made a
deeper understanding of this area a possibility.”8!

However, not everyone, and as expected not the
chemists in particular, agreed that Bohr was a new
Newton or, for that matter, that chemistry needed to
comply with the strange laws of quantum physics. In
fact, Bohr’s attempt to extend the quantum theory of
atomic structure to the realm of chemistry was consid-
ered unconvincing by most chemists. Their dissatisfac-
tion with the semi-classical Bohr atom was given voice
by the American physical chemist Richard Tolman,
who, contrary to many of his colleagues in the chemi-
cal sciences, was also an accomplished mathematician.
In an address delivered in Toronto in 1921, he objected
to Bohr’s postulates of stationary states and the mech-
anism of light emission in terms of quantum jumps.
With respect to the Bohr-Sommerfeld atom he said
that it was “constructed by the physicists, like a solar
system ... partly because they were entirely unfamiliar
with the actual facts concerning the behavior of atoms
in chemical combination.”" Moreover, pretending to
represent the average chemist, he stated the chemist’s
point of view as
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. extreme hostility to the physicists, with their absurd
atom, like a pan-cake of rotating electrons, an attitude
which is only slightly modified by a pious wish that some-
how the vitamin “h” [Planck’s constant] ought to find its
way into the vital organs of their own, entirely satisfacto-
ry cubical atom. ... In general I feel that the cubical atom
of Lewis and Langmuir must be regarded as representing
chemical facts better than anything proposed by the physi-
cists.

Without going into further detail, molecular struc-
ture remained an unsolved problem within the frame-
work of the old quantum theory which was unable to
explain even the simplest molecules such as H, and H5.
The result was that the majority of chemists disregarded
the Bohr-Sommerfeld theory and instead adopted the
“cubical atom” with fixed electrons such as proposed
by Gilbert N. Lewis and Irving Langmuir in particular.
Although this kind of atomic model was pure nonsense
according to the quantum physicists, from the point of
view of the chemists it was useful and of great heuris-
tic value.?”! The objections of the physicists were sum-
marized by Edward Andrade, professor of physics at the
Artillery College, Woolwich, who wrote about Lang-
muir’s model of the atom: “It is scarcely necessary to
insist on the artificiality of this picture... The electrons
in Langmuir’s atom have, in fact, so few of the known
properties of electrons that it is not immediately clear
why they are called electrons at all.”!

4. THE EMERGENCE OF QUANTUM CHEMISTRY

Chemical considerations played no role in the estab-
lishment of quantum mechanics as the theory was for-
mulated 1925-1926 principally by Heisenberg, Born, and
Jordan (matrix mechanics), Dirac (q-number algebra),
and Schrodinger (wave mechanics).

As seen in retrospect, modern quantum chemis-
try took its beginning with a seminal paper of 1927
written by two German physicists, 27-year-old Fritz
London and the four years younger Walter Heitler.
The title of their paper in Zeitschrift fiir Physik was
“Wechselwirkung neutraler Atome und homéopolare
Bindung nach der Quantenmechanik” (The Interac-
tion of Neutral Atoms and Homopolar Bond Accord-
ing to Quantum Mechanics).??! The basic approach of
the Heitler-London theory of the H, molecule was to
consider separately one of the electrons in each of the
combining atoms and then, by means of approximation
methods and taking into regard the recently discovered
resonance effect, to construct a wave function repre-
senting the paired-electron bond between them. Apart
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from explaining the formation of H, from two hydro-
gen atoms, they also explained why two helium atoms
cannot form a He, molecule. Without making use of
any empirical data, Heitler and London estimated from
their ab initio calculations the dissociation energy of
the molecule to be about 2.4 eV.

In a more general sense the main result of the
Heitler-London paper was its deductive argument that
the covalent bond can be explained purely in terms of
spin quantum mechanics and is therefore outside the
reach of classical chemistry. The pioneering work of the
two physicists suggested a mathematization of chemistry
more real and thorough than what had previously been
dreamt of. It can be regarded as yet another example
of the “invasion” of a chemical territory by theoretical
physicists with basically no background in or knowledge
of laboratory chemistry. In a letter to Heitler from 1935,
London indicated his lack of respect for the culture of
chemistry:

The word “valence” means for the chemist something more
than simply forces of molecular formation. For him it
means a substitute for these forces whose aim is to free him
from the necessity to proceed, in complicated cases, by cal-
culations deep into the model. ... The chemist is made out
of hard wood and he needs to have rules even if they are
incomprehensible.??!

Given Linus Pauling’s background in chemistry and
later reputation as a “chemical translator,” it is notewor-
thy that in his younger days he subscribed to the reduc-
tionist view expressed by some quantum theorists. Thus,
in a lecture from 1928 to the American Chemical Soci-
ety, he stated that chemistry was a kind of by-product of
theoretical physics:

We can now predict with a considerable measure of con-
fidence the general nature of the future advances [in theo-
retical chemistry]. We can say, and partially vindicate the
assertion, that the whole of chemistry depends essentially
upon two fundamental phenomena: these are (1) the one
described in the Pauli Exclusion Principle; and (2) the
Heisenberg-Dirac Resonance Phenomenon.*!

Pauling’s assertion had more than a little in com-
mon with Dirac’s better-known claim from the following
year (see below).

The approach of Heitler and London formed the
backbone of what came to be known as the valence
bond (VB) method, which in the version developed by
Pauling and others dominated quantum chemistry dur-
ing the 1930s. The alternative molecular orbital (MO)
method can be traced back to a paper that yet another
German physicist, Friedrich Hund, published in 1927.

Hund assumed that an individual electron moved in the
field from all the nuclei and the other electrons in the
molecule. His approach was paralleled by works done
by Robert Mulliken, who contrary to Hund had a solid
chemical training and a PhD in physical chemistry. At
around 1931 the two methods, valence bond and molec-
ular orbitals, reached immaturity and quantum chemis-
try entered as a social and scientific reality.

The concept of “chemical physics” was well known
in the nineteenth century, when it typically referred to
chemical agents such as heat, light, and electricity.?? It
now re-emerged in a different form which indicated the
growing autonomy of quantum chemistry. The Journal
of Chemical Physics was founded in 1933 with Harold
Urey as its first managing editor. In the first issue Urey
reflected on the old theme of the relationship between
physics and chemistry, which he thought had entered a
new and fruitful phase of symbiotic cooperation:

At present the boundary between the sciences of physics
and chemistry has been completely bridged. Men who must
be classified as physicists on the basis of training and of
relations to departments or institutes of physics are work-
ing on the traditional problems of chemistry; and others
who must be regarded as chemists on similar grounds are
working in fields which must be regarded as physics.[?’!

The new journal was aimed for contributions too
mathematical for Journal of Physical Chemistry, too
physical for Journal of the American Chemical Society,
and too chemical for Physical Review. Although it con-
tained many articles on quantum chemistry, Journal
of Chemical Physics was not devoted to this branch of
science. As many or more articles were on molecular
spectroscopy, kinetics of reactions, materials science,
and more traditional areas of physical chemistry. Only
in 1967 did the community of quantum chemists get
its own journal, the International Journal of Quantum
Chemistry created by Per-Olov Lowdin, the influential
Swedish expert and a major force in establishing quan-
tum chemistry as a proper scientific discipline.”

Most but not all of the post-World War II generation
of chemists came to realize that theoretical chemistry
is essentially based on the laws of quantum mechanics.
“The whole of chemistry is one huge manifestation of
quantum phenomena,” wrote Carl Johan Ballhausen, a
professor of chemistry at the University of Copenhagen
best known for his important contributions to so-called
ligand field theory. According to Ballhausen:

Without a background in quantum theory it is impossible
to possess an “in depth” understanding of chemistry. The
elucidation of chemical phenomena by means of the quan-
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tum laws is now left to the chemists; the solid state physi-
cists do not have the necessary chemical background and
the high energy physicists are not interested in electrons.
Let us therefore think in deep gratitude and admiration to
those pioneering physicists who opened the doors to mod-
ern chemistry.l?s!

Ballhausen and his contemporaries had no problem
with recognizing quantum chemistry as based on work
done by physicists and only subsequently developed by
chemists.

5. EARLY MANY-ELECTRON THEORIES

Although not originally recognized to belong to
the domain of quantum chemistry, in the years around
1930 several physicists dealt with the problem of cal-
culating systems with many electrons. One of them
was Paul Dirac, who in a paper of 1929 studied the
exchange interaction of several identical particles such
as electrons belonging to the same atom. When Dirac’s
paper is still cited today it is not so much because of
its scientific content but rather because of its introduc-
tory remarks concerning the hypothetical reduction of
chemistry to physics:

The general theory of quantum mechanics is now almost
complete ... The underlying physical laws necessary for
the mathematical theory of a large part of physics and the
whole of chemistry are thus completely known, and the
difficulty is only that the exact application of these laws
leads to equations much too complicated to be soluble. It
therefore becomes desirable that approximate practical
methods of applying quantum mechanics should be devel-
oped.?)

Dirac referred in his paper not only to the Heitler-
London theory but also to an important theory by the
Cambridge mathematical physicist Douglas R. Hartree,
who in a series of papers published 1928-1929 in the
Proceedings of the Cambridge Philosophical Society intro-
duced the so-called self-consistent field approximation
method for calculation of many-electron atoms.?! The
general idea of this method was to reduce the many-elec-
tron problem to a one-electron problem, which was done
by representing the effect of an electron on other elec-
trons by a sort of average field corresponding to a central
non-Coulomb field of force. In this way Hartree could
obtain an approximate solution to the Schrodinger equa-
tion even for fairly complicated atomic systems (such as
Na* and CI) that agreed well with observed values.

However, as was realized early on by John Slater and
a few other physicists, the Hartree method was in some
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respects flawed as it disregarded the spin states and the
associated Pauli exclusion principle.?Y In 1930 the Rus-
sian physicist Vladimir Fock published a mathemati-
cally complex paper in Zeitschrift fiir Physik in which he
improved the method by taking into consideration that
the indistinguishability of electrons give rise to exchange
forces.’?) The result was what soon became known as
the Hartree-Fock approximation method, which since
then has played an important role in quantum-chemical
calculations. However, initially the method was applied
exclusively to small and medium-sized atoms, and even
in these cases calculations based on the Hartree-Fock
theory were laborious. To extend the method to mol-
ecules required computational resources that were avail-
able only in the post-World War II era.

Whereas the papers of Hartree and Fock attracted
critical interest among physicists, as indicated by cita-
tions to them they were largely ignored by the chemists.
Thus, during the period 1928-1932 Hartree’s first paper
on the self-consistent field method received 27 citations,
all of them in Physical Review or other physics journals
(Google Scholar). The picture is the same with Fock’s
paper, which during 1930-1934 was cited 9 times. There
were no citations to either of the papers in journals of
chemistry or physical chemistry.

The Hartree-Fock method was not the only
approach to many-electron calculations developed in the
1930s. In calculations based on this method, the interac-
tion between electrons of opposite spins was taken into
account only by means of an average interaction. To
remedy for this deficiency various so-called electron cor-
relation methods were developed, the first and arguably
most important of which was the Moller-Plesset pertur-
bation theory dating from 1934. According to a review
paper of 2011:

In 1934, Moller and Plesset described in a short note of just
five pages how the Hartree-Fock (HF) method can be cor-
rected for electron pair correlation by using second-order
perturbation theory. This approach is known today as
Moller-Plesset perturbation theory, abbreviated as MPPT
or just MP in the literature. MPPT, although in the begin-
ning largely ignored, had a strong impact on the develop-
ment of quantum chemical ab initio methods in the past 40
years.1??!

Although thousands of papers have been written on
this widely used perturbation method, many of them
referring to the original paper from 1934, it and its two
authors are nearly invisible in the historical literature on
quantum and computational chemistry.** Most likely,
very few of the modern scientists using the method
and referring to the 1934 paper have any idea of whom
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Moller and Plesset were. So, who were they and what
was the context of their contribution to what retrospec-
tively can be identified as the history of quantum chem-
istry? If the Moller-Plesset theory had a strong impact
only from about 1970, what about the earlier history?

6. MOLLER-PLESSET THEORY IN THE 1930S

As Christian Meller and Milton Plesset stated in
their abstract, “A perturbation theory is developed for
treating a system of n electrons in which the Hartree-
Fock solution appears as the zero-order approxima-
tion.” And later in the paper: “Thus, the perturbation
method shows that the theory of the self-consistent field
is accurate in the determination of energy to the second
approximation.”® In other words, Moller and Plesset
used the Hartree-Fock theory as a starting point but
added a small perturbation given by the deviation of the
Hartree-Fock Hamiltonian (energy operator) from the
exact Hamiltonian. The perturbation term of the second
order corresponded to the electron-electron interaction
neglected in the Hartree-Fock theory.

Moller is described in a Wikipedia article on him
as “a Danish chemist and physicist,” which is a gross
mistake given that neither he nor his coauthor Plesset
ever worked in or published on chemistry.*®) They were
quantum physicists with no interest whatsoever in
chemistry or even recognizing that their short paper in
Physical Review belonged to the new fields of chemical
physics and quantum chemistry. The two authors did
not offer any application or calculation, as for instance
Hartree did. They considered their work to be a contri-
bution to theoretical quantum mechanics and no more
than that. In fact, the words “atom” and “molecule” did
not appear in the article, which also did not mention
“chemistry” or related terms. Nor did it refer to experi-
mental data of any kind.

Christian Meller (1904-1980) was a 30-year-old
Danish physicist at Bohr’s institute of theoretical phys-
ics in Copenhagen (Figure 1). At the time he was best
known for an important quantum theory of relativis-
tic electron-electron scattering, a phenomenon which
became known as Moller scattering.’” By 1934, when
he collaborated with Plesset, he had begun working on
Enrico Fermi’s new theory of beta-radioactivity. Shortly
after having completed the paper with Plesset, he went
to Rome on a Rockefeller stipend to work with Fermi’
group. Later in his career Moller turned to the meson
theory of nuclear forces, to which he contributed with
several papers in the period from 1939 to 1946. In 1943
he was appointed professor of mathematical physics

Figure 1. Portrait photography of Christian Meller, 1936. Credit:
Niels Bohr Archive, Photo Collection, Copenhagen.

at the University of Copenhagen. Since the early 1950s
Moller focused increasingly on the theory of general rel-
ativity on which subject he became internationally rec-
ognized as a leading expert. His authoritative and much-
used textbook from 1952 titled The Theory of Relativity
played an important role in the so-called renaissance of
general relativity.

Milton Spinoza Plesset (1908-1991) earned his PhD
at Yale University in 1932 and subsequently moved
to Caltech, where he worked with J. Robert Oppen-
heimer on positron theory and problems of quantum
electrodynamics. In 1933 he went to Bohr’s institute in
Copenhagen on a National Research Council fellowship.
In September that year he participated in the annual
institute conference with, among others, Moller, Dirac,
Heisenberg, and Heitler (Figure 2). While in Copenha-
gen he also accompanied Bohr and his wife on a visit to
the Soviet Union in May 1934, where he met Fock and
other Russian physicists. And then he found time to col-
laborate with Meller on the many-electron theory which
came to bear their names.
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Figure 2. Conference at Bohr’s institute, September 1933. On the
first row: N. Bohr, P. Dirac, W. Heisenberg, P. Ehrenfest, M. Del-
briick, L. Meitner. Milton Plesset is on the second row, number four
from the right, and Christian Moller seats behind him, number
three from the right on the third row. Credit: Niels Bohr Archive,
Photo Collection, Copenhagen.

Bohr valued Plesset as a very promising physicist,
such as evidenced in a letter he wrote to an American
colleague:

Surely he is one of the best of young American theoreti-
cal physicists and especially he has as you know a great
insight in the relativistic quantum theory of the electron...
He hopes soon to publish an account of some of his work
together with [John] Wheeler, and you may perhaps has
seen a recent paper in the Physical Review on the many-
electron problem, which he published a few months ago
together with Moller.*®!

After having worked in Copenhagen and elsewhere
in Europe, Plesset returned to Caltech where he was
appointed professor in engineering science in 1963. His
scientific work after World War II was mostly concerned
with fluid dynamics and nuclear physics (Figure 3).1*

The paper by Moller and Plesset was predominant-
ly mathematical, with no indication at all of the areas
of physics and chemistry to which the theory might
be applied. Apparently they did not care. None of the
two Copenhagen physicists considered their work to be
important and they never returned to it or related fields of
science. When Plesset was interviewed in 1981, he did not
even mention Moller and the work he did with him.*"!

As shown by the number of citations to the 1934
paper, for a long period the Moller-Plesset theory was
ignored. During the 1930s the paper received only 5
citations, all of them in Physical Review except one in
Journal de Physique et le Radium written by the Swed-
ish theoretical physicist Oskar Klein. While two of

Figure 3. Milton Plesset (left) with N. Bohr, F. Kalckar, E. Teller,
and O. Frisch at the Copenhagen institute in 1934. Credit: Niels
Bohr Archive, Photo Collection, Copenhagen.

the citing papers considered the theory in relation to
nuclear structure, none of them referred to the elec-
tron structure of atoms. By 1962 the cumulative num-
ber had increased to 22, less than one citation per year
in average. In other words, the Moller-Plesset perturba-
tion method was scarcely visible in the scientific litera-
ture. However, the poor record changed drastically from
about 1980 - the year that Moeller died - and today the
total number of citations to the Moller-Plesset paper has
exploded to about 16,600 according to Google Scholar
or 13,600 according to Web of Science (Figure 4). Of
course, when evaluating such citation curves one has to
take into consideration the general growth in the num-
bers of publications in the period.“! But even then the
Moller-Plesset citation curve is highly anomalous.

7. A SLEEPING BEAUTY

The fate of the Moller-Plesset theory only changed
when computers began to be widely used to solve prob-
lems in chemical physics and quantum chemistry.
According to Dieter Cremer, a German specialist in
computational chemistry, perturbation theory as a tool
in theoretical chemistry was rediscovered in the 1960s
and from the mid-1970s onwards this kind of theory
developed rapidly.*?!

So-called MPn methods - meaning Mpller-Plesett
theories of perturbation order n — were developed by,
among others, the British-American theoretical chemist
and later Nobel laureate John Pople.**l Due to the works
of Pople and his collaborators, the old Copenhagen
paper of 1934 became much better known. Pople con-
cluded that the original Meller-Plesset method carried
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Figure 4. Number of citations per year 1935-2020 to the Moller-Plesset paper according to Web of Science.

to second and third order (MP2, MP3) had advantages
over other methods and for small atoms and molecules
agreed satisfactorily with experimental data. When
Pople in 1998 gave his Nobel lecture in Stockholm, he
praised the Moller-Plesset theory as an important step in
the history of computational chemistry.*4

The growth in visibility is illustrated by the number
of citations (Google Scholar) to the Moller-Plesset paper
in the six decades between 1962 and 2021:

1962-1971:  91. 1972-1981:
1992-2001: 3570. 2002-2011:

222. 1982-1991: 1070.
5330. 2012-2021: 6100.

By far most of the many citations to the 1934 paper
are in journals devoted to chemical physics and quan-
tum chemistry.

The paper by Moller and Plesset is a prime example
of what in the sociology of science is known as a “sleep-
ing beauty.” This is a scientific paper whose relevance
has not been recognized for a long time and then, more
or less suddenly, becomes highly influential and cited.
431 Such sleeping beauties are of obvious interest from a
historical and sociological point of view. Why were they
initially ignored? Why did a sleeping beauty wake up at
a particular, much later date?

A recent large-scale study of citation histories in
all branches of natural and social sciences suggests that
sleeping beauties are not exceptional and particularly
not so in chemistry and physics.#%! The authors define
a parameter called the “beauty coeflicient” (B) which
expresses the number of citations a paper has received
and how long after publication it gained them. It is so
constructed that a paper which accrues citations linearly
over time has B = 0, whereas one which languishes for
100 years before rising to fame can have B = 10,000 or
even more (for the full definition of B, see ref. 45). The

study in question lists the top fifteen sleeping beauties in
science since 1900, seven of which it classifies as chemis-
try and five as physics. One of them is the Moller-Plesset
paper of 1934, for which B = 2,584 and the “awaken-
ing time” is found to be 1982. Another and much better
known sleeping beauty, but with a beauty coefhicient (B
= 2,258) a little less than that of the Moller-Plesset paper,
is the famous Einstein-Podolsky-Rosen (EPR) paper of
1935 on the completeness of quantum mechanics.[*”

8. NOBEL PERSPECTIVES

It is well known that a large number of Nobel chem-
istry prizes have been awarded to scientists who were
either physicists or whose work would be normally clas-
sified as physics.#8) On the other hand, no Nobel Prize
in physics has ever been awarded to a chemist. Consider
as an early example the 1908 chemistry prize to Ernest
Rutherford for his contributions to radioactivity includ-
ing “the chemistry of radioactive substances.” Bemused
to have transformed so quickly from a physicist to a
chemist, he wrote to Otto Hahn: “I must confess that it
was very unexpected and I am very startled at my meta-
morphosis into a chemist.”*"! Many years later the 1951
chemistry Nobel Prize was awarded to Glenn Seaborg
and Edwin McMillan for their discoveries of the first
transuranic elements. While Seaborg was trained in
chemistry under G. N. Lewis, McMillan was a nuclear
physicist, such as he pointed out in his Nobel lecture. “In
spite of what the Nobel Prize Committee may think, I
am not a chemist,” he said.l*"!

As mentioned, quantum chemistry was originally
created by physicists rather than chemists and has to
this day continued as an interdisciplinary field in which
physicists play an important role. This is reflected in sev-
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eral of the more recent Nobel Prizes. Thus, one-third of
the 2013 prize was awarded to Michael Levitt, an Israe-
li trained in physics and molecular biology but not in
chemistry. When Levitt was informed about the honor,
he reportedly said, “I never studied chemistry, actu-
ally ’'m a physicist. But that’s okay.”" The Nobel Prize
awarded to John Pople and Walter Kohn in 1998 was the
first and so far only one explicitly motivated in quan-
tum chemistry. While Pople was a quantum chemist (or
perhaps a chemical physicist), Kohn’s background was
purely in theoretical physics. He wrote his doctoral dis-
sertation under Julian Schwinger, one of the founders of
modern quantum electrodynamics, and later changed to
theoretical condensed matter physics. It was in this con-
text that he developed the so-called density functional
theory, a very successful approach to the many-particle
problem which was widely considered an alternative to
Moller-Plesset theory.”

Much like Moller and Plesset, Kohn was a theoreti-
cal physicist whose work unintendedly came to play a
crucial role in quantum chemistry. Like Plesset had
stayed at Bohr’s institute in the 1930s, where he met
Moller, so 27-year-old Kohn came on a fellowship to
Copenhagen to work in the same institute, where Moller
was appointed his supervisor. In a report of 1953, Bohr
and Moller wrote that, “In all his work Dr. Kohn has
proved himself a highly qualified theoretical physicist
with great knowledge of a wide field of problems.”®
During Kohn’s stay at the Bohr institute, which last-
ed from July 1951 to September 1952, he participated
in a large conference on problems of quantum phys-
ics attended not only by Meller and Plesset, but also
by Heisenberg, Bethe, Pauli, and other quantum lumi-
naries. However, he did not enter a collaboration with
Moller, whose research interests at the time were quite
different from his. When Kohn developed his density
functional theory in the mid-1960s, Moller and Plesset
had almost forgotten about their earlier work and none
of them showed any interest in Kohn’s new approach or
any other approaches to quantum chemistry.

9. CONCLUSION

The relations between physics and chemistry have
changed significantly over time, often with physicists
entering the field of chemistry with theories that most
chemists found to be difficult and of no relevance to
what chemistry is really about. The pioneers of quan-
tum chemistry were theoretical physicists who had but
little interest in traditional chemical problems and did
not at all consider themselves to be chemists. The main
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result of the present study is a slight reevaluation of the
standard history of early quantum chemistry, or at least
a supplement to it. While this standard history covers in
considerable detail Hartree’s work and its extension to
the Hartree-Fock theory, it has little to say about Fock’s
contribution and even less about the one of Moller and
Plesset. The two contributions, the one from 1930 and
the other from 1934, had in common that they were
one-time mathematical investigations not originally
related to chemical problems.

The Moller-Plesset theory exemplifies to some extent
how quantum theorists acted as “chemists without know-
ing it” insofar that much later the theory came to be seen
as an important contribution to computational chem-
istry. Because the Moller-Plesset theory was a “sleep-
ing beauty” with very little initial impact, it is perhaps
understandable that it does not figure in historical writ-
ings on the early period of quantum chemistry. After
all, it would be anachronistic to let our knowledge of
the theory’s later development, say after the 1970s, influ-
ence the historical account of quantum chemistry in the
1930s. It is less understandable and harder to justify that
the Moller-Plesset method has also been neglected in the
writings on the more recent era, where extensions of this
method have undeniably played a very significant role.
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Capillary Electrophoresis and its Basic
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Svante Arrhenius’ Electrolyte Dissociation.
From 56 Theses (1884) to Theory (1887)

ERNST KENNDLER

Institute for Analytical Chemistry, Faculty of Chemistry, University of Vienna, Wihriger-
strasse 38, A 1090, Vienna, Austria
E-mail: ernst.kenndler@univie.ac.at

Abstract. Since the main interest of Svante Arrhenius, a student at Uppsala Universi-
ty, was the electrical conductivity of highly dilute electrolyte solutions, which had not
yet been determined at the beginning of the 1880s, he decided to determine experi-
mentally the molecular conductivities of aqueous solutions of about fifty electrolytes
and their dependence on the dilution. In his dissertation, which he began in the win-
ter of 1882/1883, he summarized his results and considerations in 56 “theses” He
observed that strong acids had a high molecular conductivity, which increased only
slightly with increasing dilution. Weak acids, in contrast, had low molecular conduc-
tivities, but these increased abruptly above a certain dilution. Arrhenius’ innovative
hypothesis was that electrolyte molecules are composed from two parts, “an active
(electrolytic) and an inactive (non-electrolytic) part] with the proportion of the active
part increasing with increasing dilution at the expense of the inactive part. Moreover,
the electrically active part, which conducts electricity, was also the chemically active
part. Arrhenius introduced the activity coefficient, later quoted as the degree of dis-
sociation, which indicated the proportion of active molecules to the sum of active and
inactive molecules. He tentatively related activity coefficient to molecular conductiv-
ity. He assumed that the higher the activity coeflicients of different acids at the same
equivalent concentrations, the stronger they are. Arrhenius tested his hypothesis tak-
ing the heat of neutralization of acids with a strong base measured by Thomsen and
Berthelot. Strong acids developed the highest neutralization heats, i.e., the activation
heat of water, since they consisted entirely of active H* and OH" ions, which com-
bined to inactive H,0. Weak acids developed correspondingly less. The established
parallelism between the molecular conductivities of acids and their heats of neutrali-
zation was the first proof of Arrhenius’ hypothesis. He relied on thermochemistry and
completed his dissertation. He presented his dissertation in June 1883 and published
it in 1884 to obtain his doctorate. At that time, Wilhelm Ostwald was investigating
the affinities of acids to bases, i.e. the intensity of the effects of acids on the rates of
reactions they cause. He took the rate constants as a measure of the relative strength
of the acids. After receiving Arrhenius’ thesis, he measured the acid’s molecular
conductivities and found a remarkable proportionality to the reaction rate constants
of the hydrolysis of methyl acetate and the inversion of cane sugar caused by them.
This was the second proof of Arrhenius’ hypothesis, based on the results of chemi-
cal kinetics. A memoir presented in 1885 by J. H. van ‘t Hoff on the analogy between
the osmotic pressure of a highly dilute solution separated from the pure solvent by a
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semipermeable membrane and the pressure of an ideal gas containing the same number of particles as the solution led to prob-
ably the most convincing proof of the Arrhenius hypothesis. This analogy corresponded to Avogadro’s well-known law, which is
PV=RT. He found that the pressure for non-conductors such as glucose followed this law, but was higher for electrolytes. This
deviation was accounted for by the van ‘t Hoff factor i, which indicates into how many particles the solute - at least partially — has
dissociated, so that the modified law is PV=iRT. The factor i could be deduced from Raoult’s freezing point depression, and could
also be calculated using Arrhenius’ degree of dissociation a. The degree of dissociation, in turn, was determined from the ratio
of the conductivity of a dilute electrolyte solution and that under limiting conditions. The agreement found between the factors i
determined by the two independent methods was the third proof of the Arrhenius hypothesis. There was a fourth proof, namely
the additivity of physical properties. With these four nonelectrical and independent proofs, the 56 theses of Arrhenius’ dissertation
became the groundbreaking theory of dissociation of substances dissolved in water, which he published in 1887. In 1903 the Nobel
Prize in Chemistry was awarded to him “in recognition of the extraordinary services he has rendered to the advancement of chemis-

try by his electrolytic theory of dissociation”.

Keywords: Dissociation Theory, Arrhenius, Electrolyte, Solution, Activity Coeflicient.

INTRODUCTION

The 1880s, to which this article refers, were remark-
able years, for in that decade the prevailing view that
the molecules of electrolytes consist in their solutions of
oppositely charged ions which are tightly bound together
and can be separated only by an electric force acting on
them was replaced by a radically different theory. This
conventional view dated back nearly eight decades to the
time of Theodor von Grotthufl and Humphry Davy. This
view was challenged but by no means generally replaced
by the free-ion hypothesis of Rudolf Clausius in 1857.11-3)
We have described its history in our earlier articles!* *
and do not repeat it here. Instead, we will focus on the
pioneering theory of Svante Arrhenius.

Arrhenius’ scientific interest was in the conductiv-
ity of highly dilute electrolyte solutions. This was the
subject of his dissertation, which ultimately consisted of
a collection of 56 theses or propositions. He presented
his dissertation to the Royal Swedish Academy of Sci-
ences in June 6, 1883, and published it in 1884.1%7 After
a break of about three years, he published his theory of
electrolyte dissociation in 1887.%

Remarkably, Arrhenius managed to form his
hypotheses into a solid theory by relying on results
obtained by other scientists in the fields of non-electrical
phenomena in physics and chemistry. In this article, the
chronology of this successive confirmation of his theory
is traced.

The historical overview, starting from a collection
of 56 theses of a dissertation up to the groundbreaking
theory “Ueber die Dissociation der in Wasser geldsten
Stoffe”® (On the dissociation of substances dissolved in
water) is the subject of the present article.

SVANTE ARRHENIUS: BIOGRAPHY

Svante August Arrhenius, born in 1859 in Vik (also
Wik or Wijk) near Uppsala, Swedish Kingdom, attended
the cathedral school in Uppsala, matriculated in chem-
istry and mathematics at Uppsala University in 1876,
graduating as early as 1878. His photo from that year is
shown in Figure 1.

He then began studies of chemistry with lectures in
mathematics and laboratory work in autumn of 1878 at
the Swedish chemist, mineralogist and oceanographer
Per Teodor Cleve, professor of chemistry from 1874 to
1905 at the University of Uppsala. Arrhenius, however,
realized that his interests lay more in the overlapping
area between physics and chemistry. Since the opportu-
nities to work on such topics were not favorable at Upp-
sala University, he changed to the Physical Institute of
the Swedish Academy of Sciences in Stockholm in 1881,

Figure 1. Photo of Svante Arrhenius from 1878, the year when he
began his studies at the University in Uppsala. Provided by courtesy
of the archives at the Royal Swedish Academy of Sciences.
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where Erik Edlund (1819 - 1888), professor of physics,
agreed to supervise him for his dissertation on the con-
dition that he works independently and deals with topics
of his own choosing.

Edlund had a very great diversity of interests from
which Arrhenius profited considerably. Edlund explored,
for example, electric sparks,® " atmospheric electricity
and aurora borealis,'?! streaming potentials and dealt
with theories of electrical phenomena.!> 4

After Arrhenius had initially tried to find a method
for determining the molecular weight of chemical com-
pounds in solution - albeit unsuccessfully and with-
out knowledge of Raoult’s paper from 188203 - a topic
he had begun at Uppsala, and which he continued in
Edlund’s laboratory, he turned his interest to the electric
conductivity of dilute electrolyte solutions.

Arrhenius” first publication

Most readers probably do not know that Arrhenius’
very first publication was not his dissertation, but his
own article published shortly before. In the spring of
1882 he had the opportunity to carry out independently
in Edlund’s physical laboratory a study of the polariza-
tion of electrodes, an undesirable effect of great impor-
tance in determining the resistances of electrolyte solu-
tions. He measured the time course of the decrease in
polarization current at the electrodes after the direct
current had been switched off. From the results he
derived some general conclusions which, however, need
not be further discussed in the present context. Arrhe-
nius paper “Undersokning med Rheotom ovfer den Gal-
vaniska Polarisationens Forsvinnande i ett Polarisation-
skdrl, hvars Plattor dro forbunda genom en metallisk Led-
ning”(1 (Examination of the disappearance of galvanic
polarization in a polarization vessel with a rheotome, the
plates of which are connected by a metallic conductor)
was dated October 11, 1882. It is probable that Arrhenius
did not choose the subject of this study by chance, for
knowledge of the operation of the device was of advan-
tage for the measurements of the conductivities of dilute
electrolyte solutions in his dissertation, which he began
in the winter of 1882/1883, only a few weeks after the
publication of this first paper.

THE DISSERTATION: RECHERCHES SUR LA
CONDUCTIBILITE GALVANIQUE DES ELECTROLYTES

When in the winter of 1882/1883 Arrhenius began
with a dissertation studying highly diluted solutions, he
was faced with the unpleasant situation that only a few

publications had appeared on the subject up to that time,
mainly those published by Friedrich Kohlrausch!!7-2°)
and Rudolf Lenz.?¢?) Although Kohlrausch and Lenz
had published reliable values for conductivities in recent
years, they were of little help to Arrhenius. Kohlrausch
reported comprehensive studies of the conductivities of
a large number of dilute solutions from 1874 to 1879,1!7
24,30.31 byt their electrolyte concentrations were too high
for Arrhenius’ objective. They were usually greater than
about 5% by weight and reached for some solutes nearly
100%. In 1878 Lenz did investigate solutions with lower
molecular electrolyte concentrations in the range of 10~
equ.L}, but his work was limited to the small group of
potassium, sodium and ammonium salts and hydrogen
acids.?8) Moreover, the concentration ranges were still
too high for Arrhenius’ purposes.

Arrhenius emphasized on pages 3 and 4 of his dis-
sertation “Recherches sur la conductibilité galvanique des
électrolytes”® 7 — the dissertation was written in French
- that Kohlrausch had announced several times a work
with conductivities in highly dilute solutions. But since
this had not yet appeared — Kohlrausch's article “Ueber
das Leitungsvermogen einiger Electrolyte in dusserst ver-
diinnter wdsseriger Losung” (On the conductivity of
some electrolytes in extremely dilute aqueous solution)
was not published until 18855 — Arrhenius decided to
begin the investigation he had planned even without
knowing Kohlrausch’s results.

Arrhenius carried out the experimental part of his
dissertation in Edlund’s laboratory in Stockholm in the
winter of 1882/1883 and spring of 1883. In May 1883 he
wrote the second, theoretical part of his dissertation at
his parents’ home in Uppsala. Initially Arrhenius wrote
his dissertation in one part, but it was rather compli-
cated to read and somewhat confusingly structured.
Sven Otto Pettersson, then docent of physics in Uppsa-
la, who was asked by Arrhenius to read the dissertation
in advance, found the work worthy of submission, but
advised Arrhenius to restructure it; so Arrhenius divid-
ed it into two parts. He also recommended to avoid the
term dissociation, since it was understood to mean the
decomposition of a compound into its smaller constitu-
ents under the influence of heat.

According to Pettersson’s advice Arrhenius divided
the initial version into Part 11! which consisted from 63
pages, and into Part 21" with 89 pages.

It may be confusing that Arrhenius did never use
the term dissociation in his dissertation. Dissociation
for thermal decomposition was introduced in 1857 by
the French chemist Henri Etienne Sainte-Claire Dev-
ille (1818 — 1881) in his paper “Sur la dissociation ou la
décomposition spontanée des corps sous Uinfluence de la
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chaleur” (On the spontaneous dissociation or decompo-
sition of bodies under the influence of heat).**) Examples
are the decomposition of ammonium chloride on heat-
ing into HCI and NHj, or of molecular iodine J, into its
atoms, and the reversible recombination of the gaseous
particles to the parent molecules on cooling. Pettersson
foresaw that the term dissociation for the cleavage of
electrolyte molecules in solutions would meet with dis-
approval from the chemistry professors at the university.
Therefore, Arrhenius used in his dissertation the terms
electrically active and inactive for the ionic and the non-
ionic particles.

We emphasize that we rely on the two-part disser-
tation submitted to the Royal Swedish Academy of Sci-
ences in June 1883 and published in 1884.1¢7

PREMIERE PARTIE. LA CONDUCTIBILITE DES
SOLUTIONS AQUEUSES EXTREMEMENT DILUEES
DETERMINEE AU MOYEN DU DEPOLARISATEUR

In Part 1, “The Conductivity of Extremely Dilute
Aqueous Solutions Determined by Means of the Depo-
larizer”,l®) Arrhenius first described in detail the appara-
tus and the devices, the experimental conditions and the
chemicals.! He paid special attention to the control of
the correct function of the “depolarisateur” Edlund had
constructed,? and by which he could transform con-
stant into sinusoidal alternating current.? It is schemati-
cally depicted in Fig. 3 of Arrhenius’ dissertation(®, and
explained there and in Edlund’s paper from 1875.534

!'We give here a more detailed description of his experimental condi-
tions, because Arrhenius performed his experiments in a very contrar-
ian manner compared to Kohlrausch, who measured the conductivities
in about the same years. In part 3 of our series, we described how much
importance Kohlrausch attached to measuring values that were as accu-
rate as possible. He then derived empirical laws from them. Arrhenius,
on the other hand, as he himself said, was satisfied with less accurate
values. He was, however, able to recognize in them an existing tendency
from which he deduced his hypotheses.

2Edlund’s depolarizer, incidentally, was severely criticized by E. Dorn,"!
(36 but his criticism was rejected by Edlund.®”- It is, however, remark-
able that even in 1886, two years after the completion of Arrhenius” dis-
sertation the problem of measuring accurate conductivities with alter-
nating current was still a matter of question, at least for Oliver Lodge,
to whom we will return below. He added a critical comment in ref. 1%,
footnote 1 on p. 384 in “Translation of a letter received from Dr. Arrhe-
nius respecting the above Criticism” which read: “This opens a large ques-
tion, viz., how far it is advisable to depend on the use of alternating cur-
rents as a device for avoiding polarisation difficulties .... Unless the ques-
tion of electro-chemical capacity be thus considered, and either eliminated
by calculation or proved to be negligible by experiment, the presumed
advantage of alternating currents in dealing with electrolytic resistance is
illusory” Nowadays, depolarizer is the obsolete synonym for an electro-
active substance (see IUPAC, https://doi.org/10.1351/goldbook.D01599,
Compendium of Chemical Terminology, 2nd ed. (the “Gold Book”).

Ernst Kenndler

The measuring cell which Arrhenius used is shown
in Figure 2. It served for both, the preparation of the
different dilute samples and the measurement of their
resistances in a rather unconventional, but economical
manner.

The measurement procedure was as follows. First,
a weighed amount of electrolyte was placed in the glass
vessel where it was dissolved in 35 cm? distilled water.
The quantity of water and therefore the concentration
of the electrolyte were determined by weighing the ves-
sel before and after filling. After measuring the resist-
ance, part of the solution was removed and replaced by
distilled water, and the two liquids were mixed directly
in the vessel. The dilution was determined again by
weighing the vessel after replacing a part of the solution
and after refilling with solvent. This procedure was car-
ried out several times in succession, preparing solutions
with three to six different concentrations, usually four
to five. Solutions were diluted till the measured resist-
ance approached that of pure water (in fact, the lowest
concentration Arrhenius measured was in the range of
about 10* normal.?)

The resistances of the dilute electrolyte solutions
were between several hundred and about 120000 Ohm.
The reproducibility was of the order of 1% or less. How-
ever, the chosen procedure had the disadvantage that
the concentrations were not determined by quantitative
analysis and were therefore of low accuracy, which con-
sequently affected the molecular conductivities, a sys-
tematic error that Arrhenius readily accepted.*

Arrhenius measured the electrical resistances of
47 compounds, i.e. salts, bases, and acids at various
dilutions®, and from these their molecular conductivi-
ties®. He found that the conductivity in dilute solutions

* Arrhenius often used the term “normal” as a measure of the concen-
tration. It was introduced by Karl Friedrich Mohr in 1855 in his text-
book about titrimetric analysis.*

4 Arrhenius pointed out this low accuracy in § 13. Conductibilité
moléculaire. p. 38. “From formula (3), the molecular conductivity can
be calculated in each special case. The named formula contains the
amount of dissolved electrolyte (P). It was not possible to determine
this quantity analytically, but only by weighing the electrolytes. As the
substances examined are hygroscopic and also somewhat impure, this
determination cannot possess great accuracy.” In his reply from 1886 to
Oliver Lodge s criticism on his low accuracy (ref. *¥!, p. 386), he wrote:
“6. That the last work of Kohlrausch contains as you say incompara-
bly better experimental data (especially more accurate) is true enough.
But without my data I could not have formed a coherent picture of the
whole”

5> The apparent paradox that the conductivity of an electrolyte solu-
tion decreases with increasing dilution, but its molecular conductivity
increases, has already been clarified in our previous articlel®'in connec-
tion with Kohlrausch’s law of independent ion migration.

¢ The molecular conductivity k/m is the ratio of the specific conductiv-
ity, k, and m, the concentration of the solution in g.equiv. per liter. It is
the equivalent conductivity, as Rudolf Lenz emphasized in his study of
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Figure 2. Scheme of the cell Arrhenius used for the measurement
of the resistance. Glass vessel, height, ca. 150 mm; diameter, 25
mm. A, B: platinized platinum electrodes, 2/7 mm thickness. Lower
electrode A welded to a thick platinum wire, fused into a narrow
glass tube K, which passed through the center of the conical cork or
rubber plug D, attached to tube r at the top at f. Upper electrode B:
perforated in center to allow tube r to pass through. Two long plati-
num wires, riveted to plate B, attached to the tube at point c¢. One
of these wires formed with t one of the poles. k, small rubber plate
to hermetically seal vessel at the bottom. The test liquid (30 to 40
cm’) filled the vessel to a point slightly above B. Reproduced from
Fig. 4 of Arrhenius’ dissertation.[®!

for most electrolytes is proportional to the number of
electrolyte molecules. If this is not the case, it must be
assumed that chemical reactions take place upon dilu-
tion, but he had no conclusive explanation at first. Yet it
was these effects that attracted his particular interest in
his work.

Arrhenius introduced a quantity he called “dilution
exponent” and measured its dependence on the dilution
for a given electrolyte. The dilution exponent was the
ratio by which the resistance of a salt solution increases
when it is diluted by water to twice its volume. In the
best case, the exponent is 2.7

haloid compounds in 1877.26)
7To be precise: As Arrhenius measured and tabulated resistances, he

In § 13. he calculated the molecular conductivities,
actually the conductivity at an electrolyte concentra-
tion in equivalent per liter of solution, as function of the
concentration in the series of dilutions prepared from of
one and the same electrolyte solution. He found from
his own data, and from those he has taken from publica-
tions of Kohlrausch®® 24 und Lenz,?® that the molecu-
lar conductivity increases with increasing dilution for all
47 electrolytes he investigated (in the summary of Part 1
he mentioned only 45 electrolytes). The electrolytes were
salts, and only five bases and acids® each. Their molec-
ular conductivity approached a certain limiting value;
the same result found Kohlrausch.?*! For most electro-
lytes, especially for simple ones like the alkali haloge-
nides, molecular conductivity increased slightly and
linearly with increasing dilution. However, some solutes,
especially ammonia and acetic acid, exhibited deviat-
ing properties. Their conductivity remained at low val-
ues at lower dilution, but abruptly increased when dilu-
tion increased. We have discussed these effects already
in Part 3 of our series;P® see the lower part of Figure 5
there. The complete plot was published by Kohlrausch in
1885.32]

To find an explanation for this deviating shape of
the curves, Arrhenius resorted to Hittorf’s observa-
tion of the formation of complex salts of cadmium and
iodine.*! He stated on p. 60 in Thesis 11. (the entire
dissertation comprised 23 paragraphs and 56 theses, in
French “propositions”): “Aqueous solutions of all electro-
lytes contain the dissolved electrolyte at least in the form
of molecular complexes”, and attributed the observed
irregularities to possible chemical decomposition of
complex molecules with increasing dilution.

He postulated in Thesis 2: “If two or more salts are
dissolved in the same non-conducting solvent, the con-
ductivity of the solution is equal to the sum of the con-
ductivities which the solution would possess if only one
salt were dissolved at one time and the other salt alone
at another time.” In § 16. Chemical action, he formulated
the following important two theses:

Thesis 4. If, when diluting any solution, the conductivity
does not change in proportion to the amount of electro-

defined the dilution exponent as the ratio by which the resistance
increases when a given electrolyte solution of the series is diluted. It is
obvious that this indicates the corresponding decrease in conductivity.
If the solution is diluted exactly to twice its volume, the dilution expo-
nent should be 2, because the number of the initial conducting mole-
cules is exactly bisected. Arrhenius found that most electrolytes had
values of 1.95 to 2, but some deviated with higher, others with lower
values.

8 Arrhenius measured the resistances of hydrochloric, nitric, sulphuric,
phosphoric and boric acid.
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lyte, a chemical change must have occurred in the solu-
tion due to the addition of the solvent.

Thesis 5. If two substances are dissolved in water at the
same time and thesis 2. is not applicable, a chemical pro-
cess must have taken place between the two.

In § 17. he discussed the peculiarities of hydrates,’
and in § 20. the nature of the resistance of electrolytes.
He attributed the large conductivity of acids to the fact
that they have hydrogen as a cation which, because of its
small molecular volume, penetrates most easily into the
solvent.

In the last chapter, § 21: Properties of solutions of
normal salts, he makes a whole series of conjectures and
speculations. The most important hypotheses, however,
relate again to the decay of complex molecules, such as
those of Hittorf quoted above. He argued in Theses 11, 12
and 13 that complexes probably decay upon the addition
of solvents, so that the complexity approaches asymp-
totically a lower limit. From this follows the important
hypothesis that the more completely complexes decay,
the more molecular conductivity increases. Important
for the further development of his theory is his convic-
tion (p. 60, 61)

Thesis 11. Aqueous solutions of all electrolytes contain
the dissolved electrolyte, at least in part, in the form of
molecular complexes.

Thesis 12. The limit, to which the complexity of a normal
salt dissolved at extreme dilution tends to approach, is of
the same degree for all normal salts. (Probably this thesis
applies for all electrolytes.)

Thesis 13. It is likely that this limit is reached only when
the salts are divided into simple molecules as represented
by the chemical molecular formula.

From today’s perspective, this could be seen as a
pre-stage to his dissociation theory, as it transfers the
idea of the decay of molecular complexes into individ-
ual molecules to the decay of molecules into their ions.
However, the remaining problem was why the molecu-
lar conductivities of most electrolytes regularly increase
with increasing dilution, and why some of them increase
in deviating manner.

° By hydrates Arrhenius meant acids and bases, using the prevailing
term for them. The theory of hydrates of compounds, not necessarily
only of electrolytes, will be the motive of a vigorous rejection of Arrhe-
nius’ theory of dissociation of electrolytes right after its publication.
This earlier hydrate theory should not be confused with the modern
theory of solvation or hydration of charged particles. This interesting
chapter on this controversy, usually not even mentioned in textbooks
and therefore widely unknown, will be covered in a future part of our
review series.
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SECONDE PARTIE. THEORIE CHIMIQUE DES
ELECTROLYTES

Part 2, “Chemical Theory of Electrolytes” of
Arrhenius” dissertation began in §1 with his considera-
tions of “Ammonia as Electrolyte”. It was well known by
him that compounds such as liquid, pure and anhydrous
ammonia - its boiling point is -33°C -do not transport
electricity, but they become conductors when water is
added. In Volume II. p. 147, of Marcellin Berthelot’st
Mécanique chimique, § 2. Dissolution des gaz,’V he
found

Par exemple, la solution du gaz ammoniac, saturée a basse
température se trouve contenir l'eau et le gaz suivant des
proportions définies: soit AzH3+H?O?, trés sensiblement.
Cet hydrate cristallise d’ailleurs dans un mélange refriger-
ant. (For example, the solution of ammonia gas, saturat-
ed at low temperature, contains water and gas in defined
proportions: i.e. AzH? + H20O?, very substantially. This
hydrate crystallizes in a refrigerant mixture.) [Symbol Az
stands for French azote, i.e., nitrogen. Author’s note].

Since, according to the prevailing hydrate theory,
hydrates were generally assumed to be dissolved in the
same composition in which they crystallize from their
solution, Arrhenius thus had every reason to believe that
ammonia hydrates exist at least partially in solution as
AzH,0H. Berthelot further wrote

Mais tous ces composés sont peu stables, et susceptibles
de subsister seulement en présence des produits de leur
décomposition; c’est-a-dire que le gaz dissous [H;Az], le
liquide dissolvant et leur combinaison forment un systéme
en équilibre, équilibre dont les conditions varient avec la
température et la pression. (But all these compounds are
not very stable, and likely to remain only in the presence
of the products of their decomposition; that is to say, the
dissolved gas, the dissolving liquid and their combination
form a system in equilibrium, an equilibrium whose con-
ditions vary with temperature and pressure.)

This means that the equilibrium NH;+H,0 =
NH,OH is established. From these three components
water and ammonia are non-electrolytes, only the weak

10 Marcellin Pierre Eugéne Berthelot (1827 — 1907) was the most influ-
ential and respected chemist in France in his time. He was famous for
his innovations in many scientific areas, among others in organic syn-
thesis, 442143 and in biochemistry and pharmacology. He introduced
thermochemistry, where he coined the terms exothermic and endother-
mic, before thermodynamics took over the dominant role. His stan-
dard books about thermochemistry (e.g. refs. [44h45:146]) with numerous
data were used by Arrhenius to support his theory. Since midst 1880
Berthelot s interest turned to the history and philosophy of sciences,!”!
in particular to alchemy.!48-491(50]
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base NH,OH has the capability to contribute to elec-
tric conductivity by splitting off the cation NH,* and
the anion OH". According to the law of mass action,
the equilibrium shifts towards NH,OH when water is
added, which is reflected in Thesis 14. “The conductivity
of an ammonia solution is caused by a small amount of
AzH,OH, which is contained in it and which increases
with the dilution of the solution.”

Kohlrausch observed the same effect upon dilution
of acetic acid we have already mentioned above, and an
analogue relation between conductivity and dilution
with other acids he had investigated.?' Based on these
facts Arrhenius came to the main conclusion that the
amount of the conducting part of the electrolyte increas-
es with dilution at the expense of the non-conducting
part, and formulated one of the most important theses
of his dissertation, which turned out to be the nucleus of
his later dissociation theory. Literally it reads (and stated
that Thesis 15. also applies to bases).

Thesis 15. La solution aqueuse d’un hydrate quelconque se
compose, hors leau, de deux parties, I'une actife (électro-
lytique), l'autre inactive (non-électrolytique). Ces trois par-
ties constituantes, l'eau, I’ hydrate actif, et I’ hydrate inac-
tif, forment un équilibre chimique, tel qu’a une dilution
la partie active augmente et la partie inactive diminue.
(Lactlvité électrolytique se confond avec l'activité chim-
ique). (The aqueous solution of any hydrate is composed,
apart from water, of two parts, one active (electrolytic),
the other inactive (non-electrolytic). These three constitu-
ent parts, water, active hydrate, and inactive hydrate, form
a chemical equilibrium, such that on dilution the active
part increases and the inactive part decreases.) (The elec-
trolytic activity is equal to the chemical activity).

Then Arrhenius introduced the term “activity
coefficient”! and defined it as

Le coéfficient d’activité d’un électrolyte est le nombre
exprimant le rapport du nombre d’iones qu’il y a reélle-
ment dans I’électrolyte, au nombre d’iones qui y seraient
renfermés, si 1’ électrolyte était totalement transformé
en molécules electrolytiques simples. (Ces molécules sont
nécessairement constituées d’une maniére analogue a celle
des sels.) (The activity coefficient of an electrolyte is the
number that expresses the ratio of the number of ions
that are present in the electrolyte to the number of ions
that would be present if the electrolyte were totally trans-
formed into simple electrolytic molecules. (These mol-
ecules are necessarily constituted in a manner similar to
that of salts.)

Tt is equal to the dissociation ratio Oliver Lodge defined in 1885 on p.
756 of ref. (52! for dissociated molecules in solutions.

Figure 3. Schematic drawing of the flow of the circular current. For
explanation, see main text.

In § 3. Hypothesis of Clausius and Williamson, Arrhe-
nius addressed the question of the number of free dissoci-
ated ions in a dilute electrolyte solution, resorting to the
free-ion hypothesis of Clausius. Arrhenius tried to draw
conclusions from this hypothesis, which are exemplified
in Figure 3. Although this figure was used for a different
conclusion, it is fully suitable for the present one.

In this figure, two molecules of the same electro-
lyte are shown (we negate the curve labeled mm,n). The
upper molecule consists of cation A and anion B, the
other one of A; and B,. All ions are charged with the
same amount of electricity. Cation A,, for example, can
split off and combine with anion B of the next molecule.
As a result, cation A is released and can unite with ani-
on B,. In solutions, of course, not only these two mole-
cules, but any larger number A,B,, A;B;, ... A,B, ... are
present, so that this process extends over several mole-
cules. However, it will not end until the cation of the last
molecule has united with the anion of the first.

Though Arrhenius believed that this process was
very fast, there were still free ions existing for short time
during this exchange. These have moved in a closed
loop, as well as the electricity charged with them. This
transport of electricity was called by Arrhenius a circu-
lar current. It is the natural state of electrolyte ions in a
solution — mind you - without an applied electric poten-
tial, that is, under the condition that no current flows
through the solution. This means that circulating cur-
rents occur permanently in an electrolyte solution.

Because of its connection with the circular flows just
discussed, § 6 shall now be treated prior to § 4. However,
before continuing with this paragraph, we point out that
this concept of the circular current was already intro-
duced by Grotthuf3 as early as 1819 who called it infinite
circular molecular exchange, but was hardly taken note of.
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Although an excerpt of Grotthuf3” work appeared in
Gilbert’s Annalen der Physik,5¥ his entire work was pub-
lished in the scarcely accessible Annalen der Curldndis-
chen Gesellschaft fiir Litteratur und Kunst.

Grotthufl wrote in his article in reference to Figure
5, shown below as Figure 4

“In den Fliissigkeiten, die aus heterogenen Elementar-
theilchen bestehen, ...., muss zwischen diesen Elementar-
theilchen ein bestindiger Galvanismus, und dadurch ein
bestindiger wechselseitiger polarischer Molekularaustausch
unterhalten werden, den man durch das auf Taf. III in Fig.
5 dargestellte kreisformige Schema ausdriicken kann. Jede
Wasserzersetzung, die man mit dem Namen chemische
belegt, ist daher nur eine Storunung des fortwihrenden
Molekulargalvanismuis, oder eine Ausgleichung des unend-
lichen kreisformigen Molekularaustausches zu einem endli-
chen linienformigen.“ (In liquids consisting of heterogene-
ous elementary particles .... a constant galvanism must be
maintained between these elementary particles, and thus
a constant mutual polaric molecular exchange, which can
be expressed by the circular scheme shown on Plate IIT in
Fig. 5. Any water decomposition, which is called chemi-
cal, is therefore only a disturbance of the continuous
molecular galvanism, or a leveling of the infinite circular
molecular exchange to a finite linear one.)

After this retrospect to the unexpectedly early con-
cept of the infinite circular molecular exchange by Grott-
huf3, which resembles also Williamson’s 1850 hypoth-
esis®¥ on the permanent exchange of “radicles” between
molecules by double decomposition we continue with §
6. It addressed Arrhenius’ conclusion about the conse-
quences of this current when a second electrolyte, CD, is
dissolved in the solution instead of a single electrolyte,
e.g., AB as described above.

§ 6. The double decomposition. If AB and CD move
through the inactive solvent by the circular current,

-‘r}y

/S
\1‘__;{-

Figure 4. Circular current in a liquid which consists of positively
and negatively charged particles. Grotthuf3 did not call them ions in
his text, because this term was unknown in his time. Note that no
electric potential is applied, and therefore no current flows through
the liquid. Taken from ref. 13,
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again without being driven by an applied electric force,
consequently the pairs AD and CB also form from AB
and CD by double decomposition. Thus, all four elec-
trolytes are present in the solution at the same time.
Their amounts depend on the respective activity coef-
ficients of the electrolytes (the present degree of dis-
sociation). If these are equal, the amounts of all four
substances are also equal. If initially one equivalent
each of AB and CD are dissolved, half an equivalent of
each of the four electrolytes AB, CD, AD and CB will
be found at equilibrium. For unequal affinity coefhi-
cients, a corresponding equilibrium is reached by dou-
ble decomposition, and Thesis 29. applies: “Every salt
dissolved in water partially decomposes into acid and
base. The amount of these decomposition products is
the more substantial the weaker the acid and the base
are and the greater the amount of water is.” This thesis
leads inevitably to the chief question of the strength of
acids and bases.

Kohlrausch differentiated two groups of acids (the
same applied for bases). Strong acids show a linear
dependence of the molecular conductivity on the num-
ber of dissolved molecules, weak acids do not. For both
groups some examples of the molecular conductivity, A,
are listed in Table 1.

It should be recalled that Arrhenius had previously
equated the molecular conductivity with the activity
coefficient. Considering the molecular conductivities of
the acids and bases from Table 1, he formulated Thesis
33. “The greater the activity coefficient (molecular con-
ductivity) of an acid, the stronger it is. This thesis also
applies to bases”.

With this thesis he indirectly formulated his acid-
base theory. It stated that acids are compounds that dis-
sociate into H* ions and negatively charged anions in
an aqueous solution. Analogously, bases dissociate in
water to OH ions and to cations. Remarkably, he did not
define it literally at any point in his dissertation, but it
can be clearly understood as such because of the multi-
ple mentions of the active parts of acids and bases.

The values of the molecular conductivities in Table 1
indicate that the hydrohalic and nitric are strong acids,
acetic acid is weak, boric acid is the weakest. In the
group of the bases, sodium and potassium hydroxide are
strong, ammonium hydroxide is a weak base.!?

Arrhenius, however, was not satisfied with the
fact that the ranking of the strength was based only
on the conductivity, and wanted to evaluate it by an
independent method which was not based on electric

12 Water is a special case, it has the lowest conductivity of all com-
pounds; it is listed in the group of acids, but it as was generally
known that it can also act as a base.
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Table 1. Molecular conductivities, A, of strong (Group I) and weak
(Group II) acids and bases. Concentrations of electrolyte solutions:
1 g equiv. solute per liter solution. The conductivities were taken or
calculated from ref. 2], that of distilled water see Premiére partie, §
8.1°1 The table is reproduced from Arrhenius” dissertation, Seconde
partie,”) p. 14 and 15.

Groupe I.
Acide chlorhydrique (HCI) A=1284.1077.

»  bromhydrique (HBr) 278 1077,

» iodhydrique (HJ) 298.1077.

»  azotique (HA:z0,) 296. 107,

» sulfurique (1/,H,80,) 192.1077.

»  oxalique (Y, H,C,0,) 571,107,

»  phosphorique (Y/3H,P0,) 20.107.

Groupe II.
Acide tartrique (Y/,C,H,04) 6,9 .1077,

» acétique (CH,COOH) 1,26 . 1077

»  borique (V/,H,0,B) 0,044 .1077 2),
Eau distillée la plus pure (HOH) < 0,000013.1077 3),
Groupe I,
Potasse caustique (KOH) A =172.1077.

. Soude > (N¥NaOH) ©149.1077

Eau de baryte ('/,Ba0,H,) 137.10773),

» » chaux (Y,Ca0,H,) 134.10779),
Hydrate de lithium (LiOH) 125 . 1077,
Groupe IL .
Ammoniaque caustique (H,4:0H) 0,84 .1077,

properties. In his Nobel Lecture, held December 11,
1903 on “Development of the theory of electrolytic disso-
ciation”®) he admitted that he himself felt that a single
line of evidence was not sufficient for a well-founded
theory. He said

“If this concept had only been applicable to accounting
for the phenomenon of electrical conductivity, its value
would not have been particularly great.”

“An examination of the numerical values adduced by
Kohlrausch and others for the electrical conductivity of
acids and bases as compared with Berthelot’s and Thom-
son’s measurements of their relative strengths in terms of
their chemical effect showed me that the acids and bases
with the greatest conductivity are also the strongest. I was
thus led to the assumption that the electrically active mol-
ecules are also chemically active, and that conversely the
electrically inactive molecules are also chemically inac-
tive, relatively speaking at least. etc.”

For the sake of completeness, we think it appropriate
to include a chapter, albeit brief, on thermochemistry,
which, incidentally, was later replaced by the emerging
field of thermodynamics.

1ST PROOE. THERMOCHEMISTRY, HEAT OF
NEUTRALIZATION

Thermochemistry, a branch of physical chemistry,
deals with the exchange of heat energy at changes of
state of a chemical system, e.g., at phase transformations
and chemical reactions. It hypotheses that all chemical
changes involve the generation of heat, that the heats
of reaction were direct measures of the chemical affin-
ity, and that those processes take place where the most
heat is generated. Such processes are dissolving, mixing,
diluting of substances, the decomposition and recom-
bination of compounds, the decomposition of salts by
acids, the determination of the stoichiometry of acids
and bases, the reaction of acids with bases, i.e., neutrali-
zation reactions, the change of the aggregate state such
as melting or evaporation, etc.

Thermochemical experiments were first described
1838 in a paper from the estate of Pierre Louis Dulong
(1785 — 1838),5% followed by the comprehensive “Ther-
mo-chemische Untersuchungen” (Thermochemical stud-
ies) by Germain Henri Hess'® from 1840 to 1842,/57-6%
and between 1844 and 1850 by the investigation of
Abria,l® by Pierre Antoine Favre (1813 - 1880) and
Johann Theobald Silberman (1806 - 1865),1” 68! and by
Thomas Andrews (1813 — 1885).[69-72]

However, the main contributions to the recent the-
ory were published by the Danish chemist Hans Peter
Jorgen Julius Thomsen!* as early as 1853 and 1854 in
four papers on “Die Grundziige eines thermo-chemischen
Systems” (The principles of a thermo-chemical system)
in Poggendorfl's Annalen der Physik und Chemie.[737
Nevertheless, the French chemist Marcellin Berthelot
quoted above, who did not formulate a slightly modified
form until 1865 as a lecture (in lessons at the College
de France in 1865 and published it the same year in the
Revue des cours scientifiques, see also ref. 7)) and also
not until 1869 as a journal article in Annales de chimie
et de physiquel” claimed the priority of thermochemis-
try, which led to a lifelong fierce controversy between the
two scientists.

After a hiatus of fifteen years, Thomsen continued
from 1869 to 1871 with extended studies on “Wirmeto-
nung” (“heat toning”), as he called it, that is, the heat
released or absorbed by the change of state of a sys-

13 Hess formulated the law named after him,!””! also known the law of
constant heat summation. It states that the heat evolved or absorbed in a
chemical process is the same whether the process takes place in one or in
several steps.

4 Hans Peter Jorgen Julius Thomsen (1826 - 1909) was professor for
chemistry at the University of Copenhagen from 1866 till 1891, and
from 1883 till 1902 director of the Polytekniske Leereanstalt, the later
Danish Technical University.
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tem. Of all the heats of reaction measured by Thomsen,
Arrhenius was most interested in the heat of neutrali-
zation of an acid with a strong base in order to classi-
ty acids according to their strength on the basis of the
amounts of heat they released. Between 1869 and 1870
Thomsen published a series of six paper on “Thermo-
chemische Untersuchungen”8-%3 (Thermochemical stud-
ies) with heats of reaction of numerous acids, including
those of neutralization. He collected the results from
1100 calorimetric experiments and 600 chemical reac-
tions in “Thermochemische Untersuchungen. 1. Neutrali-
sation und verwandte Phinomene” from 1882.54 It was
the first volume of a series of four.!> Cutouts from the
tables with the values of monobasic hydrochloric, acetic
and hydrocyanic acid which he published in 18697 and
1870021 in Annalen der Physik und Chemie are shown in
the upper panel of Table 2.

The main source Arrhenius quoted in his work was
Marcellin Berthelot’s 1879 book “Essai de mécanique
chimique fondée sur la thermochimie.” Tabulated values
of the heat of neutralization from Tome 1. Calorimé-
trie”,*¥ Livre III (Données numeriques), Chapitre VI
(Chaleurs de formation des sels), p. 383 ff., are shown in
the lower panel of Table 2. These rounded values were
taken by Arrhenius in his dissertation in Part 2, p.68.

In his dissertation Arrhenius discussed the reasons
for the greater heat of neutralization of the strong acids
and the lower heat of the weaker acids. He formulated
the principle in § 20, p. 67, of Part 2. It read

§ 20. Degagement de chaleur aux reactiones chimiques.

“As we know, Mr. THOMSEN claims that all bases,
when in the form of dissolved hydrates, release the same
amount of heat by neutralizing the same amount of an
acid. This simple fact is called “saline thermoneutral-
ity”. In contrast, not all acids release the same amount
of heat when they combine with a base. This fact seemed
very bizarre to the savants of thermochemistry. How-
ever, according to the above, it seems easy to explain it.
It is obvious that from the thermochemical point of view,
two hydrates can be equal only when they are both in
the active state. In the inactive state, the analogous com-
pounds do not play the role of hydrates (acids or bases),

> Thomsen’s motivation to publish this series from 1882 and
1886/84h183L(86L187]- ywag due to reasons of priority. In the Introduction of
the first volume in 1882 (p. 12, ref. ¥4) Thomsen wrote “Schon im Jah-
re 1853-54 hatte ich in den Annalen der Physik und Chemie, Bd. 88, 90,
91 und 92 3WALTSVIS) die fundamentalen dynamischen Gesetze der che-
mischen Processe entwickelt. Da man aber mir die Prioritit hierfiir hat
streitig machen wollen, werde ich im Folgenden einige Hauptpunkte dieser
Abhandlungen wieder hervorheben.“ (Already in 1853-54 I had devel-
oped the fundamental dynamical laws of chemical processes in Annalen
der Physik und Chemie, vol. 88, 90, 91, and 92. Since, however, one has
wanted to dispute my priority for this, I will again emphasize some
main points of these treatises in the following.)
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Table 2. Heats of neutralization for different acids and bases. Upper
panel: Thomsen’s values from 1869 and 1870 for the monobasic
hydrochloric, hydrocyanic and acetic acid. T; temperature in °C.
a; number of equivalent base added to 1 equivalent acid. Concen-
trations: varying, typically 1 eq. in 200 or 400 L water. Taken from
refs. 7 821 Lower panel: Table from Berthelot’s 1879 book which
was reproduced by Arrhenius in his dissertation, Part 2, p. 68...
Temperature 15°C. Numbers are in kcal. For details, see main text.

(NaAq, HClAq)
Nu.|a= , l | [ ! i ! r ] & |pro Aeq.
o |
181 | 1ssm| 18929 | 221169 | 34380
i %400 180 | 18,500 | 18,150 | 22,070 | 3430 1 | 13740¢
16 177 | 18378 | 17,910 21, 1896 | 3458
 (NaAq HCy Aq)
16,9 | 17,690 | 17,025 | 18,110| 697 |
&5 |45° fl 175 | 17740| 17,120 | 18170 | 636 | |2"'66
Q ! o (MaAg «QAQ | (aFaAq QAq)
i1 65850 6616
Ewigsimee | | 1 13155 12155
! | 2] 13233 13170

Chaleurs de formation de quelques sels en dissolutions étendues
d'aprés MM. BERTHELOT et THOMSEN.

[77): 4
‘otvH
HO09'HD
HOOJH
Y002
*ogtH
HEH"%
WWOH
Y00

NaOH...... 13,7 | 18,7 | 1853 | 18,4 | 14,5 | 1585/ B85 | 29 | 10,2
KOH....... 13,7 | 18,8 | 18,3 | 13,4 | 14,3 | 157 | 3,88 [ 3,0 | 101

AzHy ... 1245 | 125 | 120 | 11,9 | 12,7 | 145 | 31 1,8 58
1,Ca(0OH),| 14,0 | 18.8 | 13,4 | 18,5 | 185 | 16,6 | 3,0 — 9,8
Y2 Ba(OH),| 18,85 | 18,9 | 18,4 | 18,5 | 16,7 | 184 | — — |11
Y, 8r(OH),| 141 | 13,9 | 18,8 | 135 | 17,6 | 154 | — — | 105

! Berthelot s values in the lower table are rounded; Thomsen had given
accurate values, for example, 2770 cal for HCN. These differences were
insignificant for the ranking of the acids according to their strengths.
Moreover, the heat of neutralization depends on the temperature.””!

since they cannot unite with another type of hydrate
of opposite sign and form water and salt. So, instead of
assuming with THOMSEN that the hydrates are in “dis-
solved state”, we assume that they are in “active” state.
Then we express the following, very plausible hypothesis:
Le procédé chimique a cause duquel un systéme d’un
équivalent lacide (actif) et d’un équivalent de base (aussi
active) se transforme en un nouveau systéme, consistant
d’un sel (non compliqué) et de 'eau, est accompagné d’un
méme dégagement de chaleur indépendant de la nature des
hydrates. (The chemical process of converting a system
consisting of one equivalent of an (active) acid and one
equivalent of a (also active) base into a new system con-
sisting of a (non-complex) salt and water is accompanied
by the same heat evolution, which is independent of the
nature of the hydrates).
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Arrhenius then described the sequence in which
the neutralization reactions occurs: I. Neutralization
through the active parts of the hydrates. 2. New forma-
tion of active from inactive parts. 3. Neutralization of
the newly formed active parts. 4. Formation of complex
molecules of the resulting salt. 5. Possible solidification
of the salt.

He concluded that the sum of the generation of heat
in processes Nr. 1 and 3 must be constant at the forma-
tion of one equivalent of salt. This is the reason why the
heat of neutralization of strong acids with strong bases
is about constant, and agrees with the experimental val-
ues shown in Table 2. Process Nr. 2, the new formation
of active from inactive parts, in contrast, is accompanied
by the absorption of heat. He expressed it in Theses 52,
53, and 56:

Thesis 52. La transformation de I’ état inactif en 1"état actif
d’un hydrate (faible) est accompagnée par une absorp-
tion de chaleur. (52. The transformation from the inactive
to the active state of a (weak) hydrate is accompanied by
heat absorption.)

Thesis 53. A la neutralisation, un acid faible dégage en
général moins de chaleur qu’un acide fort. Une proposition
analogue est valable pour les bases (On neutralization, a
weak acid generally releases less heat than a strong acid.
An analogous proposition is valid for bases).

Thesis 56. La chaleur de neutralisation dégagée par la
transformation d’une base et d’un acide parfaitement
actifs en eau et en sel non-compliqué, n’est que la chaleur
d’activité de leau. (The heat of neutralization released
at the conversion of a perfectly active base and acid into
water and a simple salt is nothing but the heat of activa-
tion of the water.)

The heat of neutralization is therefore a measure for
the strength of an acid or a base. For strong acids and
bases it is given by the reaction of their active parts,
the H* and the OH ions of the completely dissoci-
ated electrolytes, under formation of the inactive water
molecule. This amount corresponds to the heat of acti-
vation of water, which is necessary to completely split
water into H* and OH". This amount is about 13700 cal
mol ™! at 18 °C,'® and corresponds to the experimentally
found neutralization heat of a strong acid with a strong
base. When a weak acid is neutralized with a strong
base such as NaOH, the inactive part of the acid must be
converted to the active, which requires heat absorption.
The total heat balance of the reaction is thus less than
13700 cal, and its magnitude is the measure Arrhenius
had assumed for the strengths of acids. Since the heats

16 The heat of neutralization depends on the temperature. Thomsen
reported that it decreases by 43 cal °C’l, see footnote 16.

of neutralization correlate with the molecular conduc-
tivities, Arrhenius succeeded in confirming his original
hypothesis, that is, the results of thermochemistry were
the first proof which he had mentioned as a necessity in
his Nobel lecture.

He concluded his dissertation with the summary of
Part 2, of which we reproduce the key passage. It read

Dans la partie présente de cet ouvrage, nous avons d’abord
fait voir la vraisemblance-de ce que les électrolytes peuvent
se rencontrer sous deux formes différentes, I'une active,
Pautre inactive, de sorte que la partie active est toujours,
dans les memes circonstances extérieures (température et
dilution), une certaine fraction de In quantité totale de
Pélectrolyte. La partie active conduit I’électricité et est ainsi
en réealité électrolytique, mais non pas la partie inactive.

In the present part of this work, we have first shown
the verisimilitude that electrolytes can occur in two dif-
ferent forms, one active, the other inactive, so that the
active part is always, under the same external circum-
stances (temperature and dilution), a certain fraction of
the total quantity of the electrolyte. The active part con-
ducts electricity and is therefore actually electrolytic, but
the inactive part is not. [Boldface by the author].

This was the first step towards what later became
known as the dissociation theory of electrolytes in solu-
tions. He completed his dissertation and submitted it to
the Swedish Academy of Sciences.

PRESENTATION OF DISSERTATION, ITS LOW
GRADING, AND THE CONSEQUENCES

Arrhenius presented his hypotheses in a lecture held
at the Royal Swedish Academy of Science on June 6, 1883,
and submitted them at Uppsala University in a slightly
modified form as dissertation in 1884.1 71 However, Rob-
ert Thalén, the physics professor, and Per Teodor Cleve,
the chemistry professor at the university who evalu-
ated the dissertation were not convinced, and Arrhenius’
doctoral thesis was given a poor grade. It was awarded
a forth class, its defense a third class. This rating was
too low to lecture as a docent, and the Uppsala faculty
offered him only an unpaid position, what he refused.

Immediately after the disappointing assessment in
1884, Arrhenius sent copies of his dissertation to sev-
eral European physical chemists, most of whom did not
respond,’” except Wilhelm Ostwald, professor at the

7 We would like to comment that although the English physicist Sir
Oliver Joseph Lodge (1851 - 1940) mentioned above did not contact
Arrhenius directly, he subjected the two parts of Arrhenius’ dissertation
separately to an extraordinary detailed critical analysis of almost every
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Riga Polytechnic.!® Ostwald described his ambivalent
judgment to reply or not in Chapter 11 of his “Lebenslin-
ien: Eine Selbstbiographie”® (Lines of Life: A Self-Biog-
raphy; also Lifelines: An Autobiography) after reading
Arrhenius’s dissertation. He found that “the work con-
tained obvious weaknesses (which were also exaggerat-
edly emphasized by other critics afterwards); so that I
still had to reckon with the possibility that those correct
results had only turned out that way by chance”.

Ostwald had already executed experiments about the

specific affinities of acids and bases. He conducted them
during the time Arrhenius was working on his disserta-
tion, but in contrast to him, using various non-electro-
chemical methods. His investigations, which led to the
second proof of Arrhenius” hypotheses, were a good for-
tune for Arrhenius. He said retrospectively in his Nobel
lecture “Development of the theory of electrolytic dissocia-
tion” held on December 11, 1903 (we continue with this
lecture which we have cited above up to “etc.”)
“. ... etc. The Norwegian research scientists Guldberg
and Waage had developed a theory according to which
the strength of different acids could be measured ...... by
their capacity of increasing the speed of certain chemical
reactions. In conformity with this we can suppose that
the speed of a reaction produced by an acid is propor-
tional to the number of active molecules in it. I had only a
few experiments by Berthelot to demonstrate this law, but
in 1884 Ostwald published a large number of observations
which proved that this conclusion was correct.”

These observations of Wilhelm Ostwald, to which
Arrhenius referred, will be the subject of the following
chapter.

paragraph, thesis and equation in a report of the British Assiciation for
the Advancement of Science.®! The entire analysis contained no less
than 27 closely printed pages (Part I, p. 357- 362, Part II, p. 362-384.)
Lodge pioneered radiotelegraphy and discovered electromagnetic radi-
ation earlier than Heinrich Hertz. He held patents for radio and the
moving coil loudspeaker. He was familiar with electrophoresis as well.
In 1886, he invented the moving boundary method,®’ an electropho-
retic method that replaced Hittorf’s method for determining transfer-
ence numbers. We have described the latter method in detail in Part 3
of our historical review.” The moving boundary method had the great
advantage that the transference numbers could be measured in much
less time, with much less effort and without chemical analysis of the
constituents in the electrode compartments, at lower cost and, above
all, with much higher accuracy. In 1881 he became professor of phys-
ics and mathematics at University College Liverpool. From 1900, Lodge
was the first rector of the new University of Birmingham. In the late
1880s Lodge developed a keen interest in spiritualism and telepathy
and became a member of the Ghost Club. Founded in London in 1862,
the Ghost Club is a paranormal research organization. The club is con-
cerned with ghosts and hauntings, but has also studied UFOs, dowsing
and cryptozoology.

'8 In the following we will tell more about Ostwald, since he played an
eminently important role in Arrhenius’ life.
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2ND PROOF. OSTWALD 'S “STUDIEN ZUR
CHEMISCHEN DYNAMIK” (STUDIES ON CHEMICAL
DYNAMICS): MOLECULAR CONDUCTIVITY AND
AFFINITY COEFFICIENT

Wilhelm Ostwald, born in 1853 in Riga, now capital
of Latvia, studied from 1872 chemistry at the University
of Dorpat, now Tartu, Estonia. In 1882, at the age of 29,
he became a professor at the Riga Polytechnic, where he
continued the work he had made in Dorpat.’-*%

From 1882 to 1884 Ostwald, already professor in
Riga, published the first three parts of the series on
“Studien zur chemischen Dynamik” (Studies on Chemi-
cal Dynamics) but without knowing about Arrhenius’
dissertation. A photograph of Ostwald taken at the time
when he began with these studies is shown in Figure 5.

The goal of Ostwald’s “Studies in Chemical Dynam-
ics” was to determine the relative strengths of acids based
on the intensity of an acid’s effect on a base. His aim was
to express this intensity by a number which he quoted as
“Affinitatsgrofle” (affinity value, affinity, in some papers
affinity coefficient) of the acid. He determined this affini-
ty from the reaction rate of the acid with the correspond-
ing reactant. In other words, the greater the affinity of
an acid in a reaction under unchanged conditions, e.g.,
at constant temperature and concentrations, the stronger
the acid. He chose acids for his new research because he
had already done earlier work with these compounds in
Dorpat between 1877 and 1881 on other questions and
with other methods.>7)

In his first paper of this series,”® dated December
1882, Ostwald determined the rate of complete conver-
sion of acetamide by different acids, all under the same
conditions. For “Zweite Abhandlung”® Ostwald hydro-
lyzed methyl acetate to acetic acid and methyl alcohol.
This reaction was analogous to that described by M.
Berthelot and L. Péan de St. Gilles in 1862 for the forma-
tion of esters from acids and alcohols.l?01%3] The subject
of “Dritte Abhandlung: Die Inversion des Rohrzuckers”
(Third Treatise: The Inversion of Cane Sugar)!'%* was the
influence of acids on the rotation of polarized light of
cane sugar. Investigations on the course of inversion as
a function of reaction time had already been successfully
carried out in 1850 by Ludwig Wilhelmy'® but remained

!9 Ludwig Ferdinand Wilhelmy (1812 — 1864) was a German physicist
and physical chemist. He is considered the first to publish quantitative
studies on chemical kinetics. In 1850, using a polarimeter, he measured
the conversion of sucrose into fructose and galactose after the addition
of acid (we have quoted it in the main text; it is the reaction Ostwald
studied in his Third Treatise). He formulated the kinetics of the reaction
in complex differential equations and published in 1851 the book “Ver-
such einer mathematisch-physikalischen Warme-Theorie”[%! (Attempt
of a mathematical-physical theory of heat).
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Figure 5. Photo of Wilhelm Ostwald from 1882, the year he
became a professor at the Riga Polytechnic. Unknown author.
Reprinted with permission. © Copyright Gerda and Klaus Tschira
Foundation, 2022.

largely unnoticed.'® 1971 In 1862 J. Lowenthal and E.
Lenssen(!%% 19 also described the influence of acids on
the inversion of sugars.

Ostwald added the corresponding acid solution to
a solution of cane sugar and determined the inversion
rate from the optical rotation measured with the aid of a
thermostated polarization tube. The rate constants were
calculated by Wilhelmy’s formula.¢ 197 This method
was the most accurate and the least labor-intensive and
time-consuming of the methods used, since it did not
require chemical analysis to keep track of its progress.
The affinities of the acids obtained by this third treatise
agreed sufficiently well with those from the hydroly-
sis of methyl acetate. This result definitively confirmed
the conclusion drawn from the previous treatises that
the order of the affinity corresponds to the order of the
strengths of the acids. Ostwald thus succeeded in com-
piling such a list by three independent methods.

Ostwald had just completed the third treatise - it
was dated April 1884 - when he received in June 1884
the dissertation Arrhenius has sent to him. He reported
in Chapter 11 of his autobiography % that at this day
he had a tooth ulcer, his wife gave birth to their daugh-
ter, and, last but not least, he received the dissertation.
The tooth ulcer healed, mother and daughter were well,
but the dissertation gave him a headache and a restless
night. At first he thought the work was nonsense. After
closer study, however, he realized that the author had
treated and partly solved the great problem of the pro-
portionality of the affinity coeflicients of acids and bases

and their electric conductivity in a much more compre-
hensive way than he had.

We quote a passage from his autobiography which
we regard as typical of the integrity of Ostwald’s char-
acter. He describes with admirable sincerity the moral
dilemma he faced. Should he, who was himself working
on a new branch of research, prevent a possible competi-
tor, or should he include him? We reproduce in the foot-
note 2° what Ostwald reported on this.

Immediately thereafter, Ostwald began to measure
the molecular conductivities of the acids whose affin-
ity coefficients he had determined in his “Studien zur
chemischen Dynamik” described above, and meanwhile
informed Arrhenius by letter about his plan. To measure
the conductivities, he aimed to apply alternating current
according to Kohlrausch’s method,??” but did not yet
have any equipment available in Riga. He therefore bor-
rowed a resistor box from the Riga telegraph office for a
short time, copied it himself in the Polytechnic’s work-
shop, and performed the measurements on his extensive
collection of acids, which he possessed from earlier inves-
tigations. The measurements were completed in a few
days, and he immediately submitted the results for publi-
cation to Journal fiir praktische Chemie as “Notiz tiber das
elektrische Leitungsvermdgen der Sduren” (Note on the
Electrical Conductivity of Acids), dated July 1884.1110)

In this publication he held that the rate of chemical
reactions depends on the velocity and thus on the con-
ductivity of the ions which are involved. He mentioned
that in his “Studies in Chemical Dynamics” of 1883

20 Ostwald wrote: “One can easily imagine what a confusion of feelings
such a realization must arouse in a young researcher [Ostwald] who has
only to make his future and suddenly finds himself confronted with a
highly energetic co-worker in the field which he had chosen so lonely
and remote. In addition, the work contained obvious weaknesses ......, so
that T still had to reckon with the possibility that those correct results
had only turned out this way by chance. For a few days, as in Biirger’s
ballad, the black and the white companion [Gottfried August Biirger
(1747 - 1794) was a popular German poet; author s note] fought over
my soul. It was certainly not difficult to keep this sudden competitor in
the background by silence, since at present only a few professional col-
leagues cared at all about such questions. Then, because of the existing
errors, one could condemn the whole thing and, besides, the publica-
tion in the writings of the Swedish Academy of Sciences was an obstacle
for the dissemination anyway, since these hardly came into the hands of
the chemists.

So all T had to do was ignore the writing to keep the competitor at bay,
if not for good, then for the foreseeable future. ... I did not learn the
details of the technique of fighting unwelcome coworkers as well as
competitors until later. ... On the other hand, the scientific idealism that
I had acquired as a self-evident prerequisite for all work in this high-
est field of human progress ... was active. ... In addition, the joyful feel-
ing asserted itself to be able to plow a virgin soil shoulder to shoulder
with a new fellow worker [Arrhenius], ..., especially since I found him
equipped with intellectual working means which I had not used before
and which, in combination with those familiar to me, ensured an all the
more effective progress. ...
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and 1884 he showed that the rates of reactions affected
by acids are proportional to the affinity of the acids as
determined by him.® %104 Therefore, there is also a
proportionality between the reaction rates and the elec-
trical conductivity. He pointed out that Svante Arrheni-
us arrived at the same result by a different route, by that
which he published in his dissertation in 1884.

In contrast to the many controversies about the pri-
ority of theories by other researchers, Ostwald empha-
sized with remarkable righteousness on p. 93

“Dem Autor dieser Abhandlungen, die zu dem Bedeutend-
sten gehort, was auf dem Gebiet der Verwandtschaftslehre
publicirt worden ist, kommt nicht nur die Prioritit der
Publikation, sondern auch die der Idee zu* (To the author
of these treatises, which belong to the most important
what has been published in the field of affinity theory,
comes not only the priority of the publication, but also
that of the idea.)

Since Arrhenius’ dissertation was submitted to the
Swedish Academy on June 6, 1883, and published in May
1884, he received it directly from him not until June
1884. He emphasized this chronological order by noting:
“I give these details in order, in stating the independence
of my efforts in this field from Arrhenius’ work, not to
fall into the appearance of an unmotivated priority rec-
lamation.”

Ostwald then gave in a table (Table 3) the compara-
tive values obtained by three independent methods. Col-
umn I of this table lists the conductivities of the acids
measured by him, column II the rate constants of the
catalysis of methyl acetate and column III the rate con-
stants for the inversion of cane sugar.

Comparing these values Ostwald concluded

Eine Ubereinstimmung, wie sie die drei Reihen bieten,
habe ich selbst nicht erwartet; diesselbe ist wohl geeignet,
jeden Zweifel an der Bedeutung der Affinititsgrossen zu
heben. Bedenkt man, dass weder die Temperatur, noch
die Verdiinnung bei den drei verglichenen Versuchsreihen
diesselbe war, so darf man die Uebereinstimmung der drei
Reihen, deren Unterschiede im Uebrigen ganz gesetzmidssig
verlaufen wohl befriedigend nennen. In Bezug auf die weit-
gehenden Consequenzen, welche aus diesem Ergebnis gezo-
gen werden konnen, muss ich auf die oben citirten Arbe-
iten von S. Arrhenius verweisen. Riga, Juli 1884. (I myself
did not expect an agreement such as that offered by the
three series; this is probably suitable to remove any doubt
about the significance of the affinity coefficients. Consid-
ering that neither the temperature nor the dilution was
the same in the three series of experiments compared,
one may quote the agreement of the three series, whose
differences are otherwise quite lawful, as satisfactory.
With regard to the far-reaching consequences which can
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Table 3. Column I. records the conductivities of the acids measured
by Ostwald after he received the dissertation Arrhenius has sent to
him, column II. the rate constants of the hydrolysis of methyl ace-
tate, column III. the rate constants for the inversion of cane sugar.
The values were related to HCI=100. Taken from ref. 1%,
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1. Salzstiove, HOL 100 100 Ilig
3 Bmmwmemoﬁ 1010 98 111
etorsijure, N 996 88 100
4. lsnlfonﬂu H S 79,9 ] 21
5 Tniithlonstiurs, C, {1, OH. ao 178 08 92
Bemlstdﬁlmllam H,.80,0H 48 99
T Behvvefelsiiure, H 85.1 78,9 4,2
s, Atuolsemuumi Rboo'lf 1,09 LA 18
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l’ro mmumm‘ Lmu 08 08M
l&. ure, mon COOH 1,04 0,80 1,07
f!Ot}'pmpgmlamtre C,L,OH,COOH  oke  — 0,80
20, Glyeerinsiture, O, 11, (OH), . COOH 1,51 — 112
1. Drenetraubousiuge, cu,h .COOH 500 6,70 G
22, Butterstiure, C; H, . GO0, 0316 030  —
28. Ivhutterstiure, C, % 0,811 0288 093y
24. Oxyisobuttersgnee, (G H, OH COoOlL 1,24 0,92 1,06
25, Oxaldure, 000} 19,7 1.6 18,8
26, Maloustture, CI 110 281 aos
'f Bernsteinsiinre, |(}00H) 0,38t 0,50 0,56
23. Aepfelsiurc, C uﬁ.coow 13 L 1o
29, Welnaiiare, C, 1,10 OFD), (0001?1, 22w
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31. Brenaweinsiture, C,H, {Cdﬂ 1,08 1,07

82, Citronensiture, C, (01{1 OI{\ 1,06 i
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be drawn from this result, I must refer to the above cited
work of S. Arrhenius. Riga, July 1884).

Immediately after the publication of this Note, Ost-
wald traveled via Stockholm to Uppsala where he met
Arrhenius, and spent three days with lively discussions,
and borne of great personal sympathy. They agreed that
Arrhenius should come to Riga as soon as possible for
joint work. For this, however, Arrhenius first needed
his habilitation. Through Ostwald’s offer of a position
in Riga, Arrhenius was appointed docent in Uppsala.
Moreover, Arrhenius received in 1886, with Edlund’s
support, a three-year traveling scholarship from the
Royal Swedish Academy of Sciences to meet leading
physicists in Europe.

He first used it for cooperation with Ostwald in Riga
in 1886, visited Friedrich Kohlrausch in Wiirzburg in
1886 and 1887, Ludwig Boltzmann in Graz in 1887 (see
the photo in Figure 6), van 't Hoff in Amsterdam in
1888,%! and again in 1888 Ostwald in Leipzig, where Ost-
wald became professor of physical chemistry in 1887.

21 Where he published by support of van 't Hoff *Theorie der isohy-
drischen Losungen"?! concluded March 1888.
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Figure 6. Photograph taken during Arrhenius” visit of Ludwig
Boltzmann in Graz in 1887.[''Y) Date: October 1887. Source Uni-
versitit Graz. Author unknown. Arrhenius is the fourth from the
right, standing behind Boltzmann. Public domain. The photograph
shows, standing from the left: Walther Nernst,. Heinrich Streintz, Svante
Arrhenius, Richard Hiecke. Sitting, from the left: Eduard Aulinger,
Albert von Ettingshausen, Ludwig Boltzmann, Ignaz Klemenci¢, Victor
Hausmanninger.

3RD PROOFE. VAN 'T HOFF'S THEORY OF OSMOSIS

It was a beneficial coincidence that in the midst
1880s Jacobus Henricus van 't Hoff?*? investigated the
osmotic pressure between the dilute solution of a sol-
ute and the pure solvent, which were separated by a
semipermeable membrane. He was referred by the
Dutch botanist Hugo de Vries to the work of Wil-
helm Pfeffer (1845-1920), then professor of botany in
Basle. In 1877 Pfeffer had measured the osmotic pres-
sure, P, with membranes* that were permeable only
to water, but not to solutes.'” He found that, at a
given concentration, P is proportional to the absolute
temperature, T; at a given temperature, P is inversely
proportional to the volume, V, or proportional to the
concentration. Pfeffer describes this dependence by

22 The Dutch physical chemist Jacobus Henricus van 't Hoff (1852 -
1911) was one of the most renowned scientists of his time. He made
important contributions in various fields of chemistry. In addition to
the subject treated here, namely the theory of the osmotic pressure of
dilute solutions, he proposed the tetrahedral structure of the bonds of
the carbon atom, explained optical activity, and developed stereochem-
istry. He contributed significantly to chemical kinetics and thermody-
namic issues. He was the first Nobel Laureate in Chemistry in 1901 “for
his discovery of the laws of chemical dynamics and osmotic pressure in
solutions”

2 Pfeffer produced membranes by placing two different solutions into
contact in a cell made of clay. One solution contained copper acetate,
the other potassium ferrocyanide. The detailed properties of numer-
ous membranes and the conditions for their formation were described
by Moritz Traube in 1867.1'3 Those used by van ‘t Hoff are found as
experiment No. 145 on page 244 in ref. 114,

P=kt/V or PV=kT, where k was a constant of propor-
tionality.

Applying the laws of Boyle, Henry, Gay-Lussac and
Avogadro, van 't Hoft deduced that the constant k is
equal to the gas constant R. The equation for the osmotic
pressure read thus PV=RT. It is expressing the analogy
between the osmotic pressure of a compound in solu-
tion and the pressure of the compound when it is in the
gaseous state under the same conditions, i.e., at the same
temperature and in the same volume.

van 't Hoff presented his theory at 1’Académie Royal
des Sciences de Suéde on October 14, 1885 as memoir
entitled “Lois de I'équilibre chimique dans I'état dilué,
gazeux ou dissous” and published it in Kongliga Sven-
ska Vetenskaps-Akademiens Handlingar.'®! On p. 43 he
emphasized this analogy by stating

La pression exercée par les gaz d une température détermi-
née si un méme nombre de molécules en occupe un volume
donné, est égale a la pression osmotique qu'exerce dans
les mémes circonstances la grande majorité des corps, dis-
sous dans les liquides quelconques. (The pressure exerted
by the gases at a given temperature determined if the
same number of molecules occupy a given volume, is
equal to the osmotic pressure exerted by the great major-
ity of bodies, dissolved in any liquids under in the same
circumstances).?*

Transformed to modern terminology: the osmotic
pressure, II, is directly proportional to the concentra-
tion, ¢, of the solute, or to the number of dissolved par-
ticles per unit volume, respectively. This relation is for-
mally equal to the equation of state of an ideal gas, and
reads ITV=nRT (n is the number of moles) or [I=cRT.[118

However, van ‘t Hoff found in experiment that the
relationship held good for non-electrolytes as solutes,
e.g., for glucose, but for electrolytes the osmotic pres-
sures were higher. For such solutions the equation had
to be modified to PV=iRT (now ITI=icRT, with i being the
van 't Hoff factor.

For strong electrolytes these factors, i, were integer num-
bers, and were equal to the number of ions upon com-
plete dissociation. For electrolytes, e.g., with formula
AB, the van ’t Hoff factor was 2, it was 3 for A,B, etc.
Remarkably, non-integer numbers were measured for
weak electrolytes, indicating partial dissociation of mol-
ecules into ions and uncharged fractions. It was shown
that van ‘t Hoff factor i and Arrhenius’s degree of dis-

2tvan "t Hoff published in 1866 the very similar, but not the same paper
"L “équilibre chimique dans les Systémes gazeux ou dissous a |'état dilué”
in Archives Néerlandaises.!!”]
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sociation a are related to each other.?® For Arrhenius, the
results of van ‘t Hoft’s osmotic pressure theory were the
most convincing confirmation of the theses of his disser-
tation.?® This was the third proof and the decisive step
towards a well-founded dissociation theory.

Ostwald was highly dissatisfied with the fact that
the journals established in thel880s published scientific
papers in the field of physical chemistry mostly inter-
mingled with publications covering a wide variety of
fields. In his opinion, papers on physical chemistry top-
ics did not receive the attention they deserved. He there-
fore decided to found a new journal focusing on the field
of physical chemistry, and published the first issue of
this “Zeitschrift fur physikalische Chemie, Stochiometrie
und Verwandtschaftslehre,”” in 1887 with van 't Hoff as
co-editor and with the collaboration of the most prestig-
ious European scientists. It was, like the following issues,
a resounding success.

This journal offered Arrhenius a platform for the
distribution of his theory, including explanatory state-

% van ‘t Hoff wrote about these deviations of the osmotic pressure for
solutions of electrolytes from Avogadro’s law, that Arrhenius pointed
out by letter to him the connection of factor i with the degree of disso-
ciation (ref. 18, p. 501.)

2 van 't Hoff’s theory of the osmotic pressure offered the theoretical
explanation of the observations of the lowering of the freezing point
of solutions with different solutes by Frangois-Marie Raoult in 1882.
(15] Raoult measured this lowering with six different solvents and about
two hundred compounds as solutes and found empirically (transl. from
French)

@ All bodies, on dissolving in a definite liquid compound which can
solidify, lower the freezing point. (ii) In all liquids, the molecular lower-
ing of the freeing point due to the different compounds approaches two
values, invariable for each liquid, of which one is double the other.) (iii)
The normal molecular lowering of the freezing point varies with the
nature of the solvent.) (iv) One molecule of any compound dissolved
in 100 molecules of any liquid of a different nature lowers the freezing
point of this liquid by a nearly constant quantity, close to 0.62 degrees.)
If water is the solvent, and molar concentrations are taken, Raoult’s
law can be expressed as: When one mole of particles is dissolved in one
kilogram of water, its freezing point decreases by 1.86°C (if dissolved in
100 g water, the freezing point decreases by 18.6°C). The correspond-
ing temperature difference is called the molar freezing point depres-
sion. This effect is independent of the type of the solute. It holds good
only for very dilute solutions. Note that Arrhenius will make use of it
in his dissociation theory which he publishes in 1887. We clarify the
depression by an example, because the relation between concentration
and temperature is sometimes given confusingly. Strong electrolytes
consisting of two univalent ions give the molecular depression 2x1.85
=3.7, those consisting of one bivalent ion with two univalent ions give
3x1.85 =5.55, those of one tetravalent ion with three univalent ions give
4x1.85=7.4, etc. Non-electrolytes give 1.85°C depression (the difference
between 1.85 and 1.86 is insignificant in practice).

27 In 1928 the title was shortened to Zeitschrift fiir physikalische Che-
mie and a new numbering was assigned, in 1954 the numbering was
changed again, since 1979 the journal is published with the subtitle
International journal of research in physical chemistry and chemical phys-
ics.
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ments for the unconvinced readers. Ostwald published
Arrhenius’ paper on electrolyte dissociation® in this
first volume.?

THE THEORY: “UEBER DIE DISSOCIATION DER IN
WASSER GELOSTEN STOFFE” (ON THE DISSOCIATION
OF COMPOUNDS DISSOLVED IN WATER)

Arrhenius” seminal publication on the dissociation
of dilute electrolytes® essentially contained the results
of his dissertation and the proofs we have already dis-
cussed above. So we will only briefly repeat these parts.

It is noticeable that he did not present the theory
chronologically, that is, not with the theses of his disser-
tation that electrolyte molecules are divided into an elec-
trically active and an inactive part even when no current
passes the solution. The reason for this may have been
that many chemists were skeptical of Clausius™ hypoth-
esis of free ions, which Arrhenius considered one of the
precursors of his theory. Arrhenius began his publica-
tion with van ‘t Hoff’s theory of the osmotic pressure
exerted by dilute solutions of any substance on semi-
permeable membranes!"'® 7} which is described above
in the 3rd proof. Its decisive result was that a factor, the
van 't Hoff factor i, has to be introduced. It was an inte-
ger or a fractional number, and depended on the num-
ber of all dissolved particles in the solution which, as it
was believed also by Ludwig Boltzmann,!'?!! “bombard”
the membrane.

Arrhenius went on to consider the activity coeffi-
cient as defined after Thesis 15 in his dissertation, sym-
bolized by a and called degree of dissociation in his
dissociation theory. a can be determined from the ratio
of the molecular conductivity A4 of the diluted solution
and the limiting molecular conductivity, A, as a=A4/
A,. He showed, as also proved by Kohlrausch, that at
the limit of infinite dilution there is complete dissocia-
tion. In this case a=1, at lower dilution a<l. Arrhenius

28 Remarkably, Max Planck published in the same volume a theory of
dissociation independent of Arrhenius and based on thermodynamics,
entitled “Uber die molekulare Beschaffenheit verdiinnter Losungen”
(On the molecular nature of dilute solutions), in which he dealt main-
ly with Raoult’s law of freezing point depression.["”" He introduced a
constant i, the decomposition coefficient, of dissolved molecules, which
was identical with van ‘t Hoff’s constant i calculated for aqueous solu-
tions of various substances, but had a different physical meaning there.
Unlike Arrhenius, Planck did not link his theory to electrical conductiv-
ity. It was therefore less general and received little attention. To remain
in the context of what are now called colligative properties, it should be
mentioned that Planck, in the paper “Uber den osmotischen Druck”!?"]
from 1890, showed that both the existence and the magnitude of osmot-
ic pressure follow directly from the same general thermodynamic prin-
ciples that underlie the laws of vapor pressure and freezing point of a
solution, without reference to molecular conceptions.
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showed that if a is known, the factor i could be deduced
as follows.

If m is the number of inactive molecules, n the num-
ber of active molecules, and k the number of ions into
which each active molecule splits, then i=(m+kn)/(m+n).
Consequently, since a=n/(m+n), the relation between i
and a reads i=1+ a(k-1), and can be calculated from the
known value for k and the measure value for a. Second,
the van ‘t Hoff factor i can be determined from Raoult’s
law of freezing point depression, i.e., from the freezing
temperature f, as i=t/18.5. Arrhenius thus had two inde-
pendent methods to obtain the van ‘t Hoff factor and to
compare their agreement. The values for 24 compounds
out of a total of 86 which were calculated by the above
methods are shown in Table 4.

By comparing the values of i for the individual com-
pounds in the 4th and the 5th columns of the table,
Arrhenius observed indeed a pronounced agreement of
most of them (the deviations of copper and cadmium salts
were explained by their tendency to form complex mol-
ecules). He thus concluded that the following hypotheses
to calculate the figures were correct. (1) van ‘t Hoft’s law
is valid not only for the majority, but for all compounds,
that is to say, also for electrolytes in aqueous solutions.
(2) Each electrolyte in aqueous solutions consists partly
of active molecules and partly of inactive molecules. The
inactive molecules are converted into active ones when
diluted, with the effect that only active molecules are pre-
sent in solutions under the limiting condition of infinite
dilution. This led to the 3rd proof of his hypothesis.

After a discussion of possible objections of chemists,
which essentially concerned the effect of molecular com-
plexes, Arrhenius gave further evidence of the validity of
his theory, which he summarized under the concept of
additivity of physical properties, and which we have not
explicitly discussed as 4th proof in the previous part of
this text.

Arrhenius considered the properties of dilute salt
solutions as additive when the sum of the properties of
the parts of the solution, that is the solvent and the parts
of the molecules which actually coincide with the ions,
is equal to the property of the solution. These additive
properties are physical in nature and can be expressed in
numerals. Arrhenius cited the following additive proper-
ties in favor of his theory.

1. The conductivity. Its additive property was
described in 1879 by Kohlrausch in his law of independ-
ent ion migration.?! The conductivity of a salt solution
is therefore the sum of the conductivities of the positive
and negative ions. That of water as a solvent is usually
negligible, except in extremely dilute solutions (see ref.
1221 and the discussion about pure water in Part 3 of our

Table 4. Comparison of the van "t Hoff factors, i, for dilute aqueous
solutions of non-conductors, bases, acids and salts, derived from
Raoult’s freezing point depression, ¢ (column 4) and from its rela-
tion to the degree of dissociation, a, as given in the above text (col-
umn 5). « was measured from the ratio of the conductivities of the
dilute solution and those at limiting conditions. Temperature t is in
°C. The paper lists a total of 90 solutes.

i= i=

SUBSTANCE FORMULA /185 1+(k-Ia
NON-CONDUCTORS

Methyl alcohol CH;0H 0.00 0.94 1.00
Phenol CHOH 000 084  1.00
Acetone C;H,O 0.00 0.92 1.00
Acetamide C,H,ONH, 000 096  1.00
BASES

Lithium hydroxide LiOH 0.83 2.02 1.83
Sodium hydroxide NaOH 0.88 1.96 1.88
Ammonia NH, 0.01 1.03 1.01
Methylamine CH;NH, 0.03 1.00 1.03
ACIDS

Hydrochloric acid HCI 0.90 1.98 1.90
Nitric acid HNO;, 0.92 1.94 1.92
Sulphuric acid H,S0, 0.60 2.06 2.19
Hydrogen sulphide H,S 0.00 1.04 1.00
Boric acid B(OH), 0.00 1.11 1.00
Hydrocyanic acid HCN 0.00 1.05 1.00
Formic acid HCOOH 0.03 1.04 1.03

Acetic acid CH,COOH  0.01 1.03 1.01

SALTS

Potassium chloride KClI 0.86 1.82 1.86
Ammonium chloride NH,CI 0.84 1.88 1.84
Potassium cyanide KCN 0.88 1.82 1.82
Sodium acetate CH,COONa  0.79 1.73 1.79
Ammonium sulphate (NH,),SO, 0.59 2.00 2.17
Copper sulphate CuSO, 0.35 0.97 1.35
Mercuric chloride HgCl, 0.03 1.11 1.05
Cadmium iodide CdJ, 0.28 0.94 1.56
Cadmium nitrate Cd(NO;), 0.73 2.32 2.46

series®). However, this applies only to so-called strong
electrolytes, that is, completely dissociated compounds
such as the salts of monobasic acids and the strong acids
and bases. For weak acids and bases, e.g. for acetic acid,
hydrocyanic acid and ammonia, the additivity does not
apply, except for extremely dilute solutions for the rea-
sons already mentioned above.

2. The heat of neutralization in dilute solutions. This
has already been discussed in the chapter about the Ist
proof above.

3. The specific volume and the specific gravity of
dilute salt solutions. Claude-Alphonse Valson reported
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1871 that the specific gravity (which is the ratio of the
density of an object, and a reference substance), is an
additive property.!??

4. The specific refractive power of solutions. It was
shown by John Hall Gladstone in 1863 that the so-called
refractive equivalent is an additive property.'?# This
additivity also applies to dilute aqueous solutions of dis-
sociated electrolytes.

5. The capillarity phenomena. They are, according to
Valson'?*! additive properties of solutions of salts. How-
ever, since they can be traced back to the specific gravity
they required no further justification.

6. The freezing point depression. Its additivity by
salts in water was discussed in 1885 by Raoult.! Some
properties are proportional to the freezing point depres-
sion. Guldberg!'?”! and van 't Hoff!!!® showed this for the
lowering of the vapor pressure, and the osmotic pres-
sure, Hugo de Vries for the isotonic coefficient.[!2%!

With this additional evidence for his theory, Arrhe-
nius completed his seminal paper.

Ostwald promoted Arrhenius” dissociation theory,
nonetheless many chemists initially disapproved it. Their
objections were mainly the same which were already
directed against Clausius’ theory, and which Arrhenius
had tried to present as untenable in his dissertation in
Part 2 on pages 6 and 31. In passing, it should be men-
tioned that Ostwald first actively defended the theory in
1888 in his articles in volume 2 of the same journal,?*
1301 in 1889 with W. Nernst in the joint paper “Uber freie
Jonen” (On free Tons) in volume 3,/ and in many other
papers and at various occasions. We have described in
Part 3, p. 97-98, of the present series? that in this 1889
paper capillary electrophoresis was performed in one of
four occasions in the entire 19th Century.

Beside his pioneering theory, Arrhenius contributed
with numerous publication on this subject. In the years
from 1887 to 1889, he published eight papers.l? 132139 jn
addition to the following attacking “Electrolytic Dissocia-
tion versus Hydration”*% from 1889. It was addressed to
the proponents of the prevailing hydrate theory, English
chemists who vehemently rejected his theory.?® This “ear-
ly” hydrate theory dates back to the 1810s and is probably
not known in detail to today’s chemists. It is not to be
confused with the modern hydrate theory, which is now
known to every chemist and physical chemist.

The followers of the early hydrate theory, most nota-
bly Henry Edward Armstrong and Spencer Umfreville

2 The paper was communicated by himself in English; an exception,
since he usually published in German, and preferably in Swedish in
Kongl. Svenska Vetenskapsakademiens Handlingar, Bihang tili Kongl.
Vetenakapsakademiens Handlingar and in Ofversigt ofver Kongl.
Vetenskapsakademiens Forhandlingar.
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Pickering, considered Arrhenius” assumption that anhy-
drous ions exist in aqueous solutions to be incompat-
ible with their theory.’® They suspected that, especially
in highly dilute solutions with their extreme excess of
water, the dissociation theory was in conflict with the
law of mass action.

In 1903, about fifteen years after the publication of
his theory, Arrhenius received the Nobel Prize in Chem-
istry “in recognition of the extraordinary services he has
rendered to the advancement of chemistry by his electro-
Iytic theory of dissociation.”® It is therefore somewhat
surprising that some advocates of the hydrate theory
held to their strict rejection of electrolyte dissociation
decades after the Nobel Prize was awarded. We will not
finish thus the story about this rejection without men-
tioning that, as reported in ref. !, p. 1559, even in the
1930s Prof. Louis Albrecht Kahlenberg® taught electro-
chemistry at the University of Wisconsin disregarding
the existence of ions in solutions.

Early hydrate theory and transformation of its parts
into the modern one arguably deserved its own histori-
cal overview because of the decades-long importance of
the former and its role in combating dissociation theory,
especially since it has fallen into oblivion.

SUMMARY

When in the early 1880s the Swedish doctoral stu-
dent Svante Arrhenius decided to investigate the electri-
cal conductivity of highly diluted electrolyte solutions
as the subject of his dissertation there were hardly any
studies on this topic in the literature. Most of them were
published by his 18 years older contemporary Friedrich
Kohlrausch, who had been measured conductivities at

30 Indeed Arrhenius stated verbatim on p. 32 of his 1889 pamphlet
[author’s note: #n is the number of water molecules that form com-
plexes of defined stoichiometry with a salt molecule]: “But as we have
no ground for attributing any particular value to », and as it is besides
probable that many salts (e. g. most of those of potassium) exist only
in the anhydrous state, the simplest and likeliest assumption is that the
ions of the salts, and consequently the salts themselves, exist in solution
without water of hydration.”

*1'To Wilhelm Ostwald the Nobel Prize in Chemistry 1909 was awarded
“in recognition of his work on catalysis and for his investigations into the
fundamental principles governing chemical equilibria and rates of reac-
tion.”

2 Louis Albrecht Kahlenberg (1870 - 1941), a US American chemist,
was professor of physical chemistry at the University of Wisconsin,
where he taught and carried on research for forty-seven years until his
retirement in 1940. Beside others, his scientific area was ion conductiv-
ity in non-aqueous solutions. Politically, he was opponent of America’s
entry into World War I, which was unnecessary in his opinion. He was
a doctoral student of Wilhelm Ostwald at the University of Leipzig,
where he received a PhD, but rejected Arrhenius’s dissociation theory.
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higher concentrations, and extended his measurements
to highly dilute solutions in these years.

At first glance, the completely different ways in
which Arrhenius and Kohlrausch conducted their exper-
iments and interpreted their results are striking. Kohl-
rausch was known for his extremely careful execution of
his experiments, for the search and elimination of possi-
ble sources of error, and the associated time-consuming
and labor-intensive investigation of the solutions with
the intention of obtaining the most accurate measure-
ment results possible. These exceptionally accurate data
allowed him to derive empirical equations from them
(see, e.g., ref. 1) Arrhenius carried out his conductivity
measurements in a contrary manner. He did not attach
any particular importance to the high accuracy of his
measurements, but rather intuitively detected a certain
tendency from the data obtained, from which he derived
hypotheses rather than empirical laws.?

As part of his dissertation Arrhenius measured the
electrical resistances of dilute solution from about fifty
different electrolytes, and calculated their molecular
conductivities as a function of their dilution. He sum-
marized his observations and his conclusions in 56 the-
ses, of which we quote some of the most important. He
recognized that the strongest acids — he examined only
5 — were those with the highest molecular conductivity.
He observed that the molecular conductivity increased
with increasing dilution, and he distinguished two dif-
ferent groups of electrolytes. In the first group, the
strong electrolytes, the molecular conductivity increased
very little and almost linearly with dilution, approach-
ing the maximum value under limiting conditions. It
was assumed that this increase was due to decreasing
frictional resistance between the electrolyte molecules
as their distances increased with dilution. The second
group, the weak electrolytes, behaved completely differ-
ently. Their molecular conductivity initially remained
at a low level with increasing dilution, but increased
abruptly at sufficient dilution. Arrhenius could not ini-
tially explain this deviant behavior because there was no
reason to attribute it to the frictional effects mentioned
above.

3 This difference was emphasized by the above mentioned English
inventor of the moving boundary method!®! whom we also mentioned
in Part 3 of our previous historical article. In a critical commentary in
ref. '3 Lodge began his analysis — not very encouragingly for Arrhe-
nius - with “Whatever may have been the importance of the first part
of this memoir at the date of its appearance (1883), the publication last
October in Wiedemann’s Annalen of a masterly memoir by Prof. F. Kohl-
rausch on the same subject throws it into the shade; for there can he no
doubt that while the ground covered by both is similar, the Kohlrausch
memoir is greatly superior, both in the experiments made and in the dis-
cussion upon them.”)

Kohlrausch remained essentially with the investiga-
tion of the strong electrolytes. However, the said deviant
behavior aroused the special of interest of Arrhenius. To
explain this effect, he made the bold hypothesis that the
number of conducting molecules had to increase by split-
ting the electrolyte molecules into two parts. One part
is electrically active, it conducts electricity, the second,
electrically inactive part is non-conducting. He further
hypothesized that with increasing dilution, the propor-
tion of active parts increases at the expense of the inac-
tive ones. At infinite dilution, all inactive parts are com-
pletely dissociated, a verb Arrhenius avoided to use in his
dissertation. Arrhenius introduced the activity coefficient
(later called degree of dissociation), which indicates the
proportion of active molecules to the number of all mol-
ecules, if these were completely dissociated. The active
parts must be capable of double decomposition, since a
permanent exchange with those of other molecules takes
place, which - in the absence of an electric potential
- leads to a circular current of the ions in the solution.
Arrhenius’ hypothesis explained both, the high molecu-
lar conductivity of the strong acids, as they consist of
the electrically active molecules, and the behavior of the
weak acids with their initially small activity coefficient
that increases sharply with increasing dilution.

To confirm his hypothesis, Arrhenius borrowed
results from thermochemistry, especially those of the
Dutch physicist Julius Thomsen. Thomsen had deter-
mined the heats of neutralization of acids in their reac-
tion with a strong base. He found that strong acids
evolve the largest heats of neutralization, weak acids
develop smaller heats. These results were consistent with
the Arrhenius hypothesis, since strong acids, like strong
bases, already consist of the active H* and OH" ions
(their counterions do not contribute to the neutraliza-
tion), which combine directly to form the inactive water
and release its activation energy. In the case of weak
acids, in contrast, the inactive part must be transferred
into the active part for neutralization, a process that
absorbs heat and reduces the heat balance accordingly.
This was the first proof of the Arrhenius hypothesis,
which was based on a non-electrical thermochemical
phenomenon.

Arrhenius, however, was of the opinion that the
conductivities measured by him and the heats of neu-
tralization were not sufficient for a solid theory. With-
out conducting any further experiments himself, he
found three more proofs to confirm his hypothesis. The
next, the second proof resulted from Wilhelm Ostwald’s
studies of the affinities of different acids on bases. Ost-
wald’s measurements concerned the kinetics of chemical
reactions and the influence of the strength of the acids,
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which determines their reaction rate. Among others, he
investigated the effect of about forty different acids on
the reaction rates of hydrolysis of methyl acetate, and on
the inversion of cane sugar. After reading Arrhenius dis-
sertation which he received in 1884, he concluded that
the stronger an acid is, the more pronounced its affin-
ity should be, as indicated by its molecular conductivity.
Thus, Ostwald measured the molecular conductivities of
diluted solutions of his acids, and found an astonishing
high parallelism with the rate constants. This was the
second proof of Arrhenius’ hypothesis: it was based on
chemical kinetics.

Perhaps the most important piece of evidence was
the analogy found by J. H. van 't Hoft between the
osmotic pressure exerted on a semipermeable mem-
brane by a dilute solution and the pressure of a gas com-
posed of the same number of particles. This pressure
depends only on the number of dissolved particles, but
is independent of their electric charge. The deviation
of the osmotic pressure from that of Avogadro’s law is
expressed by van ‘t Hoff factor i, which is the number
of all solute particles. On the one hand, i can be deter-
mined experimentally by Raoult’s freezing point depres-
sion. On the other hand, it can be calculated with the
aid of Arrhenius’ degree of dissociation, a. If the values
of i obtained from both methods agree, the value for a is
correct, and Arrhenius” dissociation hypothesis is con-
firmed. The actual agreement found was the third proof.
In addition, the additivity of physical properties, such as
the specific gravities of solutions confirmed the hypoth-
esis.

Based on these four proofs, Arrhenius had success-
tully developed the seminal theory “Ueber die Dissocia-
tion der in Wasser gelosten Stoffe” in 1887 from the col-
lection of the 56 theses of the 1884 dissertation.

Finally, we would like to address an apparent dis-
crepancy between the subject of our article series — the
history of the basic principles of capillary electropho-
resis — and that of the present Arrhenius dissociation
theory. Although the most important properties studied
by Arrhenius were the conductivities of electrolyte solu-
tions, neither his dissertation nor his dissociation theory
gives any indication of the associated mobility of ions
in free solution under the influence of an electric field.
Since this ion mobility is a central property in electro-
phoresis, one could assume at first glance that the disso-
ciation theory has only little significance for electropho-
resis. However, the opposite is the case, as it allows to
express the conductivity and thus the mobility over the
whole range from zero to its maximum value by means
of the degree of dissociation, which can take all values
between zero and unit. For this reason, the dissociation

Ernst Kenndler

of weak electrolytes described by Arrhenius will cer-
tainly be of great relevance in the practice of ion electro-
phoresis. It will be indispensable for electrophoresis as
a future separation method. In this respect, its detailed
treatment in this article was justified.
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Abstract. Soft hydrogel contact lenses represent the most famous and commercially
successful application of poly(2-hydroxyethyl methacrylate). The scarcely crosslinked
network of this hydrophilic polymer finds its use also in many other fields, be it in
(bio)medicine or technology. Moreover, the polymer itself and its crosslinked forms,
discovered more or less serendipitously in the early fifties by a group of Czech chem-
ists, is extremely interesting due to its exceptional properties: it readily swells in water,
is optically clear, soft, biologically compatible, sufficiently strong, stable, gas-permeable,
cheap, and easy to produce. Looking for its as-yet undiscovered qualities and possi-
ble utilization still continues. The story of the invention of hydrogel contact lenses was
referred to many times in various literary sources which, however, contain numerous
errors and misinterpretations. In the present article, we put these records straight and
present the correct chronology of the hydrogel contact lenses development including
the dramatic patent litigation. A brief overview of the chemical nature, properties,
and applications of the constitutive substance of the lenses, i.e., the hydrophilic meth-
acrylate, is also given.

Keywords: hydrogels, contact lenses, intraocular lenses, poly(2-hydroxyethyl meth-
acrylate), Otto Wichterle.

1. INTRODUCTION

Modern hydrogels are usually tailor-made for the given purpose and
application, be they synthesized by radical-initiated or stepwise process-
es, performed in a standard way, or by 3D printing. Since the times of the
invention of the first hydrophilic plastic “swellable Perspex”, prepared by O.
Wichterle’s group in the 1960s using the radical polymerization of 2-hydroxy-
ethyl methacrylate (HEMA),"! much effort has been devoted to a detailed
study of this polymer. This was due both to its use for pioneering hydrogel
contact lenses (the so-called “swelling plastic”) and to its interesting prop-
erties. Poly(2-hydroxyethyl methacrylate) (PHEMA) is distinguished by a
good swellability (primarily in hydrophilic and partially also in hydropho-
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bic media) and by a very good compatibility with living
tissues. Even after swelling in aqueous media it keeps
its mechanical strength and flexibility and is stable in
time. That is why this material has found so many appli-
cations. Besides the medicinal use in the fields of oph-
thalmology, implants, or systems for drug transport and
releasing, there are less known but no less successful
uses for sorbents with a large intrinsic surface or sepa-
ration monoliths in chromatography.>* Thus, PHEMA
remains a subject of lively scientific interest, as indicated
by the number of papers with this keyword, published
every year. At the same time, it represents an impor-
tant model polymer both for the scientific research of
synthetic hydrogels and for biomedicinal applications,
including testing experiments of tissue engineering.

This paper brings information on the history of the
research and applications of this unique monomer and
its polymers, with special regard to hydrophilic contact
lenses. It is the authors’ ambition to put some erroneous
historical data straight. Moreover, we consider it useful
to briefly outline also the classification and history of the
whole phenomenon of contact lenses.

2. EXCITING HISTORY OF CONTACT LENSES IN
GENERAL

What is the contact lens? The basic definition reads:
Contact lens is a small optical system placed directly on
the cornea. All the issues and problems related to the
contact lenses follow therefrom.

Contact lenses can be categorized in various ways.
However, according to M. F. Refojo,® the fundamental
division is based on the nature of the material. Most
simply, contact lenses could be distinguished into rig-
id ones and soft ones, the latter then into hydrophobic
and hydrophilic. Further categorization, necessary in
connection with the development of new materials for
contact lenses, is given in more detail in the Appendix
(Tab. I). In current sources, this division is, regrettably,
often oversimplified.

The idea of contact lenses is very old, reaching
back as far as the 16" century and Leonardo da Vinci
concepts, and its implementation is closely connect-
ed with the development of material science. Various
inventors tried to use a broad spectrum of materials
for contact lenses.

For example, when poly(methyl methacrylate)
(PMMA) was introduced into the market (1933) and its
relatively good biocompatibility was discovered, a way
was opened for new medicinal applications of this plas-
tic. Thanks to its optical properties, PMMA found its
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main use in ophthalmology (as a material for contact
lenses, later for intraocular lenses, spectacles, etc.). This
was the beginning of the era of polymers or covalent
polymer networks in contactology, a brief history of
which is presented in a tabulated form in the Appendix
(Tab. II).5

After PMMA had been tested and finally aban-
doned, the following development of contact lenses
was carried out to improve the properties of the lenses,
namely, their permeability for gases (primarily oxy-
gen) and also for water-soluble substances and ions.
Although both of these requirements were met excellent-
ly by hydrogels studied by Wichterle and Lim,' another
branch of the research continued towards the silicone
elastomers (1965) which offered a high permeability for
gases and showed good softness but were hydrophobic.
These properties were then responsible for problems
met when removing these lenses from the eye, namely,
mechanical damage to a testing person’s cornea. As a
consequence of this, contact lenses based purely on sili-
cone hydrophobic elastomers are no more accessible in
the common market.!

Still another route of the development resulted in
rigid gas-permeable (RGP) materials (1974), usually
copolymers of alkyl methacrylates and siloxane meth-
acrylates (possibly also fluoroalkyl methacrylates) which
guarantee a high permeability for oxygen!' but are
hydrophobic and do not allow the transport of water-
soluble substances.

Diverse variants of high-swelling hydrogels for con-
tact lenses have continuously been being developed
which had, in dependence on the equilibrium water
content, a higher permeability for both water-soluble
substances and gases. In addition to the basic sparsely
crosslinked PHEMA, other glycol methacrylates were
used, such as diethylene glycol methacrylate, triethylene
glycol methacrylate, dihydroxyalkyl methacrylates (e.g.,
glycerol methacrylate), acrylamide, and, for ionogenic
materials, also methacrylic acid sodium salt. Besides the
acrylic acid derivatives, also 1-vinyl-2-pyrrolidone and
polyvinylalcohol found their use as materials for high-
swelling hydrogel contact lenses.!?

Thus, in the sixties and seventies, the development
headed toward soft contact lenses based on PHEMA or
similar hydrophilic methacrylates, as will be discussed
below. Later, however, silicone hydrogel lenses of the first
generation were developed and introduced (1998-1999,
according to the territory) and became an important
milestone. Based on the first experience, the second gen-
eration arrived in 2004 and soon after (2006) even the
third one. Interestingly, the first relevant patent dates
back to 1979.?
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3. TRUE STORY OF SOFT PHEMA-BASED CONTACT
LENSES

3.1. Origins of the idea

The story of the origin of PHEMA-based contact
lenses from the primal idea to the invention itself and its
putting into practice seems to be generally known. The
discovery of the synthetic hydrogel based on sparsely
crosslinked PHEMA and its successful application as
a biomimetic material for soft contact lenses are often
mentioned in introductory parts of scientific papers.
Similarly, the pioneering article by Wichterle and Lim!
on the unexpected hydrophilic behavior of certain plas-
tics and future possibilities of their biological applica-
tions, as well as the corresponding patents (see, e.g.,'*)
are frequently cited, too. However, although the history
of the development of PHEMA, its polymerization, and
properties, as well as hydrogel lenses based on it, has
been published many times in various literary sourc-
es, the interpretations very often digress from reality.
Hence, the following chapter aims to bring a system-
atic survey of events that led to the worldwide known
invention and to the subsequent global development of
soft contact lenses. The text is based on reviewed sourc-
es, Otto Wichterle’s book of memoirs,' and a personal
experience of the first author, i.e., his collaboration with
the famous inventor for fifteen years.

The primary impulse arose from a fortuitous meet-
ing of Prof. Wichterle with Dr. Pur, the secretary of
a certain committee for the application of plastics in
medicine at the Czechoslovak Ministry of Health Care.
By coincidence, in 1953, they traveled together by train
and looked through an ophthalmological journal with
an advertisement for a tantalum prosthesis to substi-
tute the eyeball. As he later mentioned in his memoirs,"
Wichterle had expressed an opinion that it would be
more suitable to prepare such implants from biocompat-
ible polymers and suggested an idea of three-dimension-
al sparsely crosslinked hydrophilic gels.

This idea attracted Wichterle’s attention so much
that he started to put it immediately into practice in
the Department of Plastics at the then Czech Techni-
cal University in Prague, together with his younger col-
leagues, especially Drahoslav Lim. At that time, research
on methacryloyl derivatives of oligoethylene glycol was
already running with the aim to get new plastics for
future biomedical applications. The first hydrogel pre-
pared and identified by D. Lim was crosslinked tri-
ethylene monomethacrylate, as described in a paper
by J. Kopelek.'® Later, as mentioned in another paper
by Kopecek et al.,'” in 1953 D. Lim succeeded in syn-
thesizing the first hydrogels by the copolymerization

of HEMA with ethylene dimethacrylate. In the same
year Wichterle, as the only inventor, submitted a patent
application for an invention, in which he claimed the
whole class of sparsely crosslinked hydrophilic polymers
including a description of many potential uses including
even contact lenses unless he (or whoever else) had pre-
pared this material!> ¥ Of course, this was a pure fan-
tasy at that time but, as it turned out later, also a real-
istic prophecy. Later on, this application was withdrawn
and substituted by another one, which finally led to a
patent entitled “The way of preparation of hydrophilic
gels”.?* In the meantime, however, patents were granted
to translated versions of the applications with differing
delays in various territories. For example, in Great Brit-
ain and the then Federal Republic of Germany, it was
granted still to the earlier application from 1953, while
in other countries already to the one from 1955. That is
why various literary sources differ in dating the origin of
hydrogel lenses.

Since 1956 the contact lenses have been being pre-
pared in Wichterle’s lab in Prague but their ridges were
of poor quality so testing persons were able to toler-
ate them on their eyes only for a few minutes at most.
In the meantime, however, part of the applied research
was transferred under the supervision of the Ministry of
Health (Dental Laboratory, Prague). Several good lenses
could have eventually been selected from the produc-
tion of this laboratory where they were being prepared
in polystyrene molds (1957).

The tests on patients (performed in the 2°¢ Oph-
thalmology Clinic at the General University Hospital in
Prague, Mr. Dreifus, M. D.) proved that the soft hydro-
philic lenses, prepared on a lab-scale but using ground
glass molds, can ensure a very good correction of vision
and are excellently tolerated (1959).

We quote here from the paper cited above (entitled
»Hydrophilic Gels for Biomedical Use“):! “Promising
results have also been obtained in experiments in other
cases, for example, in manufacturing contact lenses,
arteries, etc.” That is why some sources proclaim 1960
as the year of the origin of soft hydrophilic lenses. Till
today, this publication has been cited almost 1100 times.

However, most authors consider 1961 to be a true
year of the origin of the hydrogel lenses. At the end of
December 1961, prof. Wichterle, using a Czech-made
children’s toy building set Merkur (similar to the well-
known Erector Kit), assembled at his home a device for
the spin casting of contact lenses and named it (with
his typical sense of humor) the “lens-machine” (Fig. 1,
left). The principle of the spin casting consists in that the
starting liquid polymerization mixture, dropped into a
mold with a precise inner shape, is rotated by fine-tuned
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Figure 1. Replica of the building set Merkur (improvised lens-machine) for spin-casting (left), an example of a soft hydrophilic PHEMA-
based contact lens (right).

number rpm. Due to a combination of the mold shape,
the centrifugal force, and the surface tension, a proper
lens shape is formed and, after the polymerization is
finished, the solid contact lens acquires also the desired
optical properties. With this improvised pilot-plant
device, the first hydrogel contact lenses were produced
(Fig. 1, right).

Later on, but still before the end of the same year,
Wichterle patented a method to produce contact lenses.?!
In this way, the patents protecting the material for con-
tact lenses were complemented by those describing the
production method and the foretold use of synthetic
hydrogels for contact lenses came into existence. A typi-
cal appearance of a contact lens is in Fig. 1.

A meeting with G. Nissel, a British producer of
lathes and facilities for lathe-cutting of hard contact
lenses, inspired Prof. Wichterle to submit another pat-
ent application of the invention to produce soft hydrogel
lenses by turning from xerogel blocks, i.e., from prefab-
ricated parts constituted by hydrogel in a dry state (Fig.
2), followed by fine polishing and swelling the lathed
lenses.??

In 1964 Prof. Wichterle met his license partners-to-
be from the National Patent Development Corporation
(NPDC, USA). During the negotiations, he took out a
lens from his eye, put it down to the ground, trampled
it, then picked it up, removed the dirt from it first by fin-
gers and then in his mouth, and finally put it back on
his eye. This impressed his guests enormously. In 1965,
the first license deal was signed between the then Czech-
oslovak Academy of Sciences and NPDC. Later on, in

1966, NPDC transferred the sub-license for soft contact
lenses to Bausch & Lomb Co. which started to produce
them in the USA, to prepare the distribution network
and the marketing support, while waiting for approval of
the production from the Food and Drug Administration
(FDA). This was granted as late as 1972 but thanks to
thorough preparation, Bausch & Lomb quickly penetrat-
ed the market and met a considerable demand for lenses.

3.2. Fascinating lawsuit on the patent priority

Already at the beginning of the seventies, infringe-
ments of Wichterle’s patents by some producers
appeared and even the Bausch & Lomb Co. took part in
the litigations to save money for license fees. They used
a tactic of denying the validity of Wichterle’s patents
with an argument of alleged pre-publication of some
results and an absence of clinical tests. After NPDC
had requested Wichterle’s personal participation and
testimony in American courts, the lawsuits began. To
make the long story short, we set aside complications
and obstacles laid by Czech communist authorities to
block Wichterle’s travel to the USA. Fortunately, he was
allowed to testify in the end.

These legal disputes stretched till the beginning of
the 80ies, although, thanks particularly to Wichterle’s
unambiguous replies to questions, became increasingly
obvious that the validity of the patents will be confirmed.

By the end of 1976, despite this promising course,
the Czech side acceded to an out-of-court settlement,



True Story of Poly(2-Hydroxyethyl Methacrylate)-Based Contact Lenses: How Did It Really Happen 83

Figure 2. Special lathe for contact lens manufacturing (left) and the lathing of the contact lens from xeroblock.

and, for receiving an amount equal to the license income
for one year, the Czechoslovak Academy of Sciences,
controlled by the communist regime, stupidly opted out
of the contractual liability for the participation in the
patent lawsuits. In this way, the Czech side forfeited not
only the license contracts but also the share of the pro-
ceeds of the lawsuit.

In 1980, a radical turnaround happened in the law-
suit which meant a full victory because all disputed
issues were explained and Dr. Dreifus, who had been
apparently manipulated by the infringers, was convicted
of false testimony.

Still, it had taken two years of thrilling wait-
ing before the final verdict was delivered (1982). In the
meantime, still in 1981, NPDC made, probably as an
expression of gratefulness to O. Wichterle for his contri-
bution to the victory at the Court, a new license contract
regarding the preparation of contact lenses by a pho-
topolymerization initiated by UV radiation.?2? License
fees from this contract have been coming to the Czech
Republic till 2000.

3.3. Further development
Simultaneously with improving the quality of the

contact lenses, also the means of maintenance of them
had to be adapted to the newly developed materials.

Thus, the physiological solution, used in the beginning,
was substituted by multipurpose solutions containing,
e.g., a disinfection or conservation component, a buffer
system, detergents, wetting agents, and auxiliary sub-
stances, such as those with chelating effects. Similarly,
the regime of wearing the lenses, as well as the planning
replacement of them (rate), have been developing. In this
way, the development resulted in disposable lenses.

In the nineties (1993) a one-time non-recurring con-
tract was made with South Korean partners who took
over a new lens-making machine (“lens machine”) of
the carousel type with an electronic-pneumatic control
of functions and documentation for innovative techno-
logical processes including a new version of the software
(Fig. 3).

Although the Koreans paid for a corresponding part
of the charges, they never started to produce so the fees
derived from the number of pieces produced were never
received by the Czech side.

Prof. Wichterle’s decease in 1998 symbolically
closed the era of the early development of PHEMA-
based hydrogel contact lenses. In the same year, the
first “silicone hydrogels”, constituted partly of poly-
siloxane chains, were introduced into the market.
The polysiloxane structure, hydrophobic by nature, is
made sufficiently hydrophilic by the covalent attach-
ing of methacryloylated segments and other hydro-
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Figure 3. Lens machine for spin casting, the carousel type from the
nineties.

philic vinylic polymers. 2* Silicone hydrogel contact
lenses arrived at their 3" generation and the “tricks” of
attaining hydrophilicity differ from generation to gen-
eration. The type Dailies Total One, which was intro-
duced on the market in 2012, represents a unique type
of lens with a swelling gradient. However, hydrogels
based on polymethacrylates or poly(vinyl alcohol) still
constitute a substantial part of the world’s production
of contact lenses. Supposedly, for some clients, they
will remain a suitable variant of the ocular refraction
defect correction. Innovations still appear, for instance,
the product called Hypergel from Bausch & Lomb,
which is a bio-inspired hydrogel material containing
78% of water and showing an increased oxygen perme-
ability (Dk = 42 barrer). This multicomponent poly-
mer formulated on the basis of HEMA, N-vinylpyrro-
lidone, and 2-hydroxy-4-tert.butyl-cyclohexyl meth-
acrylate, and crosslinked by ethylene dimethacrylate
and allyl methacrylate, contains also a UV stabilizer
based on benzotriazole and incorporated in the chain
by a methacryloyl substituent. Undesirable drying of
the lens surface made of a highly swelling material is
prevented by a block copolymer formed by two outer
blocks of poly(ethylene oxide) and a central block of
poly(propylene oxide). The copolymer is terminated on
both ends by two methacrylate groups, through which
it is incorporated into the structure of the whole poly-
mer network. Contact lenses made from it were intro-
duced in the market under the trademark Biotrue
ONEday in 2014.

Jiti Michalek, Jifi Podes$va, Miroslava Duskova-Smrckova

4. HEMA AND ITS POLYMERS
4.1. History of HEMA and PHEMA

The first notices on HEMA and its polymers date
back to the Thirties, namely in the US patent No.
2,129,722 entitled Esters of Methacrylic Acid and regis-
tered on September 13, 1938, for John C. Woodhouse as
the inventor and DuPont de Nemours Co. as the appli-
cant.?* In several claims (1-4), esters of methacrylic acid
and a series of aliphatic diols, triols or pentaerythritol,
etc. are generally presented; among these alcohols, also
ethylene glycol is mentioned. Claim 8 is devoted solely
to polymeric monomethacrylate prepared by heating the
monomeric ester to 60-100 °C in the presence of diben-
zoyl peroxide. Although the monomer, the polymer, and
their preparations were thus described, a real utilization
of them came as late as during the systematic study of
the hydrophilic structures performed by Wichterle and
Lim.M®

4.2. Nomenclature, structure, and properties of the HEMA
monomer

The most frequently used, non-systematic but the
deep-rooted name is 2-hydroxyethyl methacrylate (usu-
ally acronymed as HEMA), sometimes also glycol meth-
acrylate. Names like glycol monomethacrylate, hydroxy-
ethyl methacrylate, ethylene glycol methacrylate, or
2-(methacryloyloxy)ethanol are also used. According to
IUPAC, the systematic name is 2-hydroxyethyl-2-meth-
ylprop-2-enoate. To preserve intelligibility and to com-
ply with the scientific community’s common usage, the
name 2-hydroxyethyl methacrylate (HEMA) is used
throughout the text; similarly, ethylene glycol will be
used instead of the systematic 1,2-ethanediol.

The structure of the monomer is presented in Fig. 4
together with its basic physical properties. If not stated
otherwise, the values correspond to standard conditions,
i.e., 25 °C and 101.325 kPa.?®

4.3. Preparation of the HEMA monomer

Of the procedures to produce HEMA, two have been
used on a larger scale. The Czechoslovak patent was
based on the reesterification of methyl methacrylate by
glycol.?® This process led to a product with a relatively
high content of diester (ethylene dimethacrylate caus-
ing a crosslinking during the polymerization), the con-
centration of which had to be decreased by subsequent
purification procedures. In addition to that, the prod-
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Figure 4. The schematic formula of 2hydroxyethyl methacrylate
(properties: colorless liquid, density 1.07 g-cm?, melting point
99 °C, boiling point 213 °C, vapor pressure 0.08 hPa).

uct contained traces of diethylene glycol methacrylate
and diethylene glycol dimethacrylate (the latter being a
crosslinking agent, too) but was free of methacrylic acid.

Nowadays HEMA is commonly produced by a reac-
tion of ethylene oxide with methacrylic acid. The result-
ing product contains a low level of the crosslinking agent
and traces of methacrylic acid (see, e.g.,?).

4.4. Polymerization of HEMA

The double bond of 2-hydroxyethyl methacrylate
reacts readily under normal pressure in bulk or in a
solution, similarly to other methacrylates. The tempera-
ture range of the radical polymerization of HEMA has
its upper limit at ca. 160 °C; at this and higher tem-
peratures, depolymerization of the polymer chain takes
place. Practically, the lower limit corresponds to the
solidification (vitrification) temperature of the polymer-
izing system; however, it is possible to perform a redox-
initiated polymerization under the condition of the
so-called cryogelation, i.e., at sub-zero temperatures,
e.g. around -20 °C and in presence of a diluent, when
interesting macroporous structures are formed in the
resulting gel thanks to freezing of the diluent (typically
aqueous) off the system.?® A living anionic polymeriza-
tion of HEMA with a protected hydroxyl group has also
been reported, 3% proceeding at much lower tempera-
tures (40 to 80 °C) and yielding an isotactic polymer. In
the latest decade, papers have been published reporting
on the possibility to control the HEMA polymerization
by the RAFT (reversible addition-fragmentation chain
transfer)®® or ATRP (atom transfer radical polymeriza-
tion)*? methods. It is the aim of these controlled radical
polymerizations to get a polymer with the distribution
of molar mass narrower than that obtained by standard
(uncontrolled) free radical polymerization and to possi-
bly attach certain functional groups onto the chain ends.

Interestingly, the sparsely crosslinked PHEMA (i.e.,
with the level of the crosslinker below ca. 1 mol.%) sig-

nificantly swells in water attaining swelling equilibrium
at approx. 36-38 wt.% of water at room temperature.®
The swelling behavior of the PHEMA macromolecular
network is very interesting and shows a certain “swell-
ing anomaly™ the equilibrium swelling degree does not
depend much on the crosslink density which is also true
for a linear PHEMA of a high degree of polymerization.
PHEMA belongs to the UCST-LCST! system exerting
swelling minimum at 55°C.*

4.5. Physical prerequisites for making the perfect contact
lens

The PHEMA-based hydrogel suitable for lenses
(PHEMA prepared with 38-40 wt.% of water and ca.
1 mol.% crosslinker) is characterized by some key prop-
erties such as the equilibrium content of water (approx.
38 wt.%), the oxygen permeability (8-12 x 10°!! barrer),
and modulus of elasticity (typically 0.5-0.6 MPa).®2®
However, these parameters strongly depend on the start-
ing conditions and exact way of hydrogel preparation,
especially on the concentration of the crosslinking agent
and diluent (water) at polymerization. Here we focus
solely on the microstructure and porosity. The PHEMA
hydrogels can be prepared either as macroscopically
homogeneous (optically transparent) or, inversely, as a
heterogeneous substance, showing a loss of transpar-
ency and a formation of opalescence, thus indicating
refraction of light on microscopic interphases due to the
formation of pores. At this point, our report deserves
a more detailed explanation of the PHEMA hydrogel
optical clarity. In the early studies, when Wichterle and
his coworkers observed the first crosslinked PHEMA
gels, the pieces of water-swollen material were rather
transparent and colorless. Their observations were tru-
ly serendipitous as the material resembled clear glass
and provided an index of refractivity very close to that
of the biological cornea, so the ideas about a gel-based
soft contact lens could be explored ever since. But it
soon became evident that not always the free radical
crosslinking of the HEMA-based system leads to an
optically clear material and that there are critical lim-
its of composition beyond which the resulting material
turns irreversibly hazy, or completely non-transparent
- and thus not useful for an optical lens. These “clarity
limits” for HEM A-based systems were subjected to thor-
ough experimental studies in the Institute of Macromo-
lecular Chemistry in Prague in the 1970s. It was found
that when the content of water as a diluent in the polym-

P'UCST - upper critical solution temperature, LCST - lower critical
solution temperature



86

erizing system exceeds ca. 50 vol.%, an opaque or white,
or even porous heterogeneous material is obtained.
Indeed, the limits also correlated with the amount of
crosslinker. The reasons for the existence of the lim-
its were in the meantime explained by K. Dusek who
put forward the analysis of the formation of thermody-
namic phases leading to the porosity of the crosslink-
ing system styrene-divinylbenzene investigated for ion
exchange resins.*> Deeper studies of PHEMA and its
solution and gel properties continued in the seventies.’
Dusek derived a generalized thermodynamic treatment
for phase separation in a three-dimensional polymer
system based on the analysis of the Flory-Huggins swell-
ing equation and he coined the term microsyneresis (or
syneresis). This term denotes a separation of phases in
the so-called quasi binary system where the phase of the
swollen gel separates from that of the diluent, the latter,
however, possibly containing residua such as a soluble
monomer or its oligomers. This separation is a conse-
quence of the change of miscibility within the polymer-
izing system with conversion, so-called c-syneresis, and/
or is induced by increasing crosslink density, so-called
n-syneresis.’’ Whereas HEMA monomer is unlimitedly
miscible with water (starting state), the growing chains
only have limited solubility in the water-HEMA mixture
and limited entropy of chain arrangements (crosslinked
state). Microsyneresis in water-HEMA crosslinking sys-
tem proceeds through the mechanism of the nucleation
and growth which leads to a typical structure of mutual-
ly connected microscopic spheres providing a heteroge-
neous gel well visible in Fig. 5. These gels, when swollen
to equilibrium volume in water, macroscopically appear
white or opaque - far from the perfectly transparent
appearance necessary for a contact lens. Interestingly
enough, even standard hydrogel of composition used for
contact lenses showed, already during polymerization,
the formation of nanosized inhomogeneities, suppos-
edly pores, of several typical dimensions between 1 and
10 nm.?® Such inhomogeneities do not deteriorate the
optical clarity of the final product but can enhance the
transport of water, oxygen, and small ions. 3

Microsyneresis provides an interesting and well-
explored way nowadays leading to a formation of porous
systems, predominantly with communicating pores hav-
ing their size in the range of 10°-10' pum. It is a system-
specific thermodynamic phenomenon that can be pre-
dicted, is perfectly reproducible, and is inevitable within
a certain compositional range.

As mentioned above, the HEMA monomer always
contains a little amount of bis-methacrylic units (ethyl-
ene dimethacrylate, EDMA). During the polymerization,
EDMA is gradually incorporated through its two vinyl
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groups into the polymer chains so that the branching
and, at higher degrees of conversion, also crosslinking
inevitably takes place.

During the development, various methods have been
used to achieve the porosity of PHEMA:* besides the
thermodynamic demixing, also introducing washable
microparticles (porogen) into the gel matrix. In this way,
interesting porous structures based on PHEMA have
been prepared, including (nano)fibers.*! Also composites
of PHEMA, e.g. with bacterial cellulose, ** or interpen-
etrating networks,** as well as materials with dual poros-
ity** have been described.

5. PHEMA - APPLICATIONS OTHER THAN CONTACT
LENSES

5.1. Medicinal applications

Since the seventies, within the group of younger
Wichterle’s colleagues, there existed a lively activity in
the field of biological application of PHEMA materials
other than ophthalmology.*®

Due to its good compatibility with living tissue,
PHEMA was predetermined for medicinal applications.
During its decades-long history, this biocompatibility
was proved beyond any doubt by its long-term use in
this field. Some later studies then confirmed that not
only the high-molar-mass polymer of HEMA but also its
very short chains (oligomers) are well biocompatible.*

In fact, PHEMA has become a material of the first
choice for biomedicinal applications, in particular for
pilot experiments; subsequently, the material can be
modified in many ways according to the needs of the
particular application. Thanks to their transparency,
homogeneous HEMA polymers found their first medici-
nal applications in ophthalmology. In addition to the
already discussed soft hydrophilic contact lenses which
aroused a global response, PHEMA has its history too as
a material for intraocular lenses implanted into the eye
during cataract surgery,?’ artificial vitreous body, *® etc.
Wichterle himself proposed many medicinal applications
of PHEMA which were put in practice more or less suc-
cessfully.

Of the other applications, known are implants for
otorhinolaryngology,*»>° plastic or general surgery,”!
gynecology,** urology,> and neurology,** as well as car-
riers for cell cultivation for dermal wounds healing,
burns, or bedsores.>>* Polymers of HEMA are still used
to prepare ointments/salves®” and various gel prepara-
tions,”® drug carriers,* tissue expanders,*® synthetic
emboli®, or hemoperfusion detoxicating columns.®? 3D
microstructured carriers for cell cultivation, known as
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Figure 5. Porous hydrogels prepared from poly(2hydroxyethyl methacrylate) and visualized by the methods of scanning electron micros-
copy. (a) Macroscopic view; (b) PHEMA hydrogel showing after the microsyneresis a structure of connected spheres, (c) PHEMA hydrogel
prepared from poly(HEMA-stat-MA) (fractionated NaCl was used as a porogen; after washing out the porogen, the gel was visualized by
the AquaSEM method); (d) microscopic structure of a cryogel of HEMA showing the dual size of pores. Figs 5b and 5d were obtained by
the so-called environmental SEM.*

scaffolds, have since recently been used. Thus, PHEMA
has become a successful reference material also in the
fields of cell therapy and tissue engineering.

Recently, with the development of additive manu-
facturing methods, HEMA finds its use as a photopo-
lymerizing monomer in the resin compositions in ste-
reolithographic 3D printing and 3D writing methods. It
was used to constitute photopolymerizable ink for direct

writing of 3D microarrays as scaffolds for neuronal cul-
tures.®

5.2. Technical applications

To this category belong, e.g., (meth)acrylate coat-
ings. PHEMA of technical grade is being used as a part
of single-component dispersion coatings (together with
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Figure 6. Historical cup restored using a preparation based on PHEMA. (a) an example of gluing glass on a base, (b) a detail of an attached

substitutive bottom.

butyl acrylate or butyl methacrylate). As a comonomer,
HEMA carries the functional reactive OH group into
the polyol component of the two-component curable
and highly resistant polyurethane coatings.®* Another
proven application, though not yet published, was the
preparation of heterogeneous membranes with incorpo-
rated ion exchangers. The high adhesivity of PHEMA to
other materials, as well as its transparency, enabled such
technical applications as gluing of methacrylates or their
layers. As an example, until now unpublished results of
the tests (performed in 1982 and based on stress-strain
curves) enabled one to assess the strength of the link
formed by polymerization of 2-hydroxyethyl meth-
acrylate in between two specimens, the latter being con-
stituted by a common mineral glass, an organic glass, a
polyamide, and steel of class 11. In all cases, very firm
joints were obtained, resisting stress of about 2 MPa.
The results, suitable especially for gluing glass, led to the
testing of polymers based on PHEMA, to prepare per-
manent microscopic preparations, mechanically resistant
layered glass or antifire layered glass, or to restore vari-
ous historical glass objects (Fig. 6).

In an interesting application, water confined in cer-
tain hydrogels (semi-interpenetrating PHEMA /polyvi-
nylpyrrolidone networks) was used to gently remove dirt
from the surface of water-sensitive cultural artifacts.’
Similarly, complex cleaning fluids confined in these
hydrogels were used to remove aged varnishes.®

A highly diluted solution of PHEMA was tested by
O. Wichterle as an “anti-spray” coating to prevent the

creation of graffiti. Regrettably, to the best of our knowl-
edge, this method has been neither patented nor pub-
lished. Its advantage lies in that that the coating is cheap
and can easily be removed by excess water.

6. CONCLUSIONS

It follows from the facts presented that the history of
the origin, development, and applications of 2-hydroxy-
ethyl methacrylate and its polymers is extremely inter-
esting, varied, edifying, and sometimes even exciting. In
this review, the development of the famous application
of hydrogel based on poly(2-hydroxyethyl methacrylate)
for contact lenses is presented. Inventors’ effort was idea-
driven rather than serendipitous: Otto Wichterle and his
co-workers not only arrived at a technically useful prod-
uct but also showed the general importance of hydrogels.
The dispute over the validity of the corresponding pat-
ents became a subject of a thrilling lawsuit that ended
with the victory of the inventors. The eventual success
was possible thanks to inventors’ endurance and abil-
ity to overcome the obstacles, both technical and politi-
cal. The whole process from idea to final product took
twenty years. When inspected in more detail, the present
state of the art in the field suggests a possibility of fur-
ther and deeper studies and even broad projects on the
subject. In this way, some new properties, behavior, and
applications of poly(2-hydroxyethyl methacrylate) hydro-
gels, so far unexplored, could be discovered.
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APPENDIX

Table I. Categorization of contact lenses from the material point of view. How it changed in time

hard
Original division coft hydrophobic
hydrophilic
Recent division hard impermeable glass, PMMA
gas permeable rigid gas permeable (RGP)
hydrophobic silicone elastomers
soft standard hydrogels PHEMA
hydrophilic high swelling hydrogels
hybrid hydrogels silicone hydrogels
rigid gas permeable (RGP)
Present day division hydrogels

silicone hydrogels

Table II. Important dates in global contactology (from the viewpoint of polymer materials and manufacturing methods)

1933

1936

1948

1953
1956
1959

1960

1961
1963
1965
1972
1974
1988
1994
1998
2004
2006

2014

Rohm and Hass Co. introduced transparent polymethyl methacrylate (PMMA) into the market.

William Feinbloom described a scleral lens composed of a central clear part (glass) and an opaque edge (PMMA). Soon after that,
rigid lenses have been produced by turning solely from PMMA.

By mistake in turning, Kevin Tuohy prepared a very small size lens of PMMA and found that it was better tolerated than that of the
original size. Afterward, he patented hard corneal lenses of PMMA.

D. Lim successfully prepared the first hydrogel following the idea of Otto Wichterle; application of the first O. Wichterle’s patent.
The first hydrogel contact lens was prepared in Wichterle’s Prague laboratory.

Tests on volunteers showed good correction of visus and excellent tolerance of hydrogel contact lenses.

Wichterle and Lim published an article in Nature, entitled “Hydrophilic Gels for Biomedical Use” where they described PHEMA
gels.

Priority of spin casting method of hydrogel contact lens fabrication (Wichterle)

Priority of lathe cutting method of lens fabrication from xerogel blocks (Wichterle)

Hydrophobic soft contact lenses made of silicone elastomers

Hydrophilic (hydrogel) soft contact lenses were introduced to the global market.

RGP - rigid gas permeable lenses

Lenses with regular replacement (cast molding technology began to prevail)

Disposable lenses (regular replacement after one day)

Silicone hydrogels, 1 generation

Silicone hydrogels, 27 generation

Silicone hydrogels, 3" generation (till present day)

New highly swollen hydrogel contact lenses (Biotrue ONEday) were introduced on the global market. Their material (Hypergel™)
contains in equilibrium 78% of water.
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Abstract. This article dealt with the history of the chemical cabinet established by
the Grand Duke of Tuscany, Peter Leopold of Habsburg-Lorraine (1747-1792), at the
Imperial and Royal Museum of Physics and Natural History in Firenze during his
regency. To achieve this goal, it investigated untapped archival sources (e.g., adminis-
trative and commercial documents, minutes, correspondences, inventories) concerning
the museum management from its foundation in 1775 to the departure of the Grand
Duke for Vienna to be crowned as Holy Roman Emperor Leopold II in 1790. The arti-
cle analyzed the chemical cabinet’s manuscript catalog, whose entire transcription is
presented in the Supplementary Information Files. The work then examined the con-
nections between the activities performed at the chemical laboratory and Peter Leo-
pold’s interest in experimental chemistry. Concerning this research question, the sci-
entific relationship he held with the naturalist Giovanni Valentino Mattia Fabbroni
(1752-1822) - Vice-director and then Director of the Imperial and Royal Museum of
Physics and Natural History — who helped the Grand Duke navigate all aspects of his
interests in chemistry and natural sciences, was also discussed.
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INTRODUCTION

Writing about a notable historical figure such as Peter Leopold of Hab-
sburg-Lorraine (1747-1792) is not an easy task. So, it is not by chance that
Soll stated that “there is no single way to characterize Peter Leopold. His
approach to intellectual life, philosophy, and governing were pragmatic,
eclectic, and a mix of his various influences”.! In fact, it is difficult to account
for the life? of a man who was the ninth son of Francis I (1708-1755) and
Maria Theresa of Austria (1717-1780), brother of Joseph II (1741-1790) and
Marie Antoinette (1755-1763),%> Grand Duke of Tuscany from 1755 to 1790,
and the next-to-last Holy Roman Emperor (Leopold II) from 1790 to 1792,
year in which he suddenly died from pleurisy at the age of 44 years.* But that
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is not all. Peter Leopold was a Jansenist and an enlight-
ened despot,® whose concrete projects — as stated by
Maran, Castellini, and Bisman-° reformed the admin-
istrative, managerial, organizational, judicial,” and eco-
nomic aspects of social and cultural life in the Grand
Duchy of Tuscany. In this regard, Sarti found that these
amendments “transformed Tuscany into a model state”,
while Maran et al. underlined how the analysis of the
municipalities” reform contributed to a better under-
standing of today’s decentralization by governments in
the context of the new public management.” However, a
complete survey of Peter Leopold’s reforms of Tuscany is
out of scope here, and the reader is referred to the litera-
ture for further details.!

The principal aim of this study is to detail and ana-
lyze the history of the chemical cabinet Peter Leopold
established at the Imperial and Royal Museum of Phys-
ics and Natural History through the investigation of the
scientific relationship the Grand Duke held with the nat-
uralist and Museum’s Vice Director Giovanni Valentino
Mattia Fabbroni (1752-1822)!! together with the exami-
nation of the laboratory’s catalog.!* The latter unpub-
lished source is preserved at the Museo Galileo’s library,
whose archival fund on the history of the Imperial and
Royal Museum of Physics and Natural History" holds
various documents that were investigated to achieve the
goals of the present paper.

The existing literature on the Imperial and Royal
Museum of Physics and Natural History is extensive
and focuses mainly on its collections and history.'* The
Museum, established by Peter Leopold’s motu proprio
on 22 February 1775, was not only a place to gather
and preserve the naturalistic and scientific collections
inherited by the Medici family'® and the Accademia del
Cimento!® but also acted as a research center to promote
useful knowledge in the service of the public good.”” In
this regard, Contardi underlined how the museum col-
lections were open to all and organized to encourage a
visitor’s self-instruction through the display of explana-
tory labels.’® However, the collections did not comprise
only the specimens and instruments belonging to the
Medici family and the Accademia del Cimento. They
were constantly enriched by new acquisitions!® promoted
by Peter Leopold, together with the instruments, prepa-
rations, and objects?® realized at the various museum
workshops.?! Among these, there was the chemistry
cabinet that was established to represent, according to
both Felice Fontana (1730-1805) and Giovanni Fabbroni,
one of the most advanced research centers at an inter-
national level. It encompassed, in addition to the stand-
ard equipment like flasks and bell-jars, diverse pneu-
matic pumps?? together with a workbench -realized by
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Figure 1. Leopold’s chemistry cabinet. Museo Galileo, Room X.

the woodcutter Francesco Schmidt (dates uncertain)- 2
belonging to Peter Leopold. It was openable with a slate
working surface for experiments. One of the three cavi-
ties in the workbench is linked to a bellow operated by
pedals useful for calcination and combustion operations.
Various shelves allowed to store glassware, tiny bottles,
and chemical compounds (Fig. 1).

In this regard, Scorrano et al. analyzed 38 samples
using X-ray fluorescence, X-ray diffraction, gas chroma-
tography-mass spectrometry, IR spectroscopy, thermal
analysis, and chemical tests. According to the authors,
most of the compounds were employed in textile manu-
facturing, while the remaining represented both chemi-
cals helpful in improving wine production and substanc-
es of apothecary interest.”* Many historians have con-
nected the investigation on the workbench to the work
of Huber Franz Hoefer (1728-1795) at the court apoth-
ecary, as well as to the research the Grand Duke patron-
ized on water?® and hot springs®®. While recent studies
have linked Peter Leopold’s interest in chemistry to min-
eralogy, mining science, and mineral collecting.”” How-
ever, so far, there has been little discussion about the
involvement of Peter Leopold in the experiments being
conducted at the chemistry cabinet and the organization
of the chemical laboratory. In the following pages, the
analysis of untapped archival documentation will gener-
ate fresh insights into these subjects.

MATERIALS AND METHODS

As mentioned in the Introduction Section, this study
investigated the historical documentation that described
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both Peter Leopold’s interest in chemistry and the chem-
ical cabinet he established at the Imperial and Royal
Museum of Physics and Natural History. The documen-
tation covers a period from the museum’s foundation in
1775 until the end of Peter Leopold’s regency as Grand
Duke of Tuscany in 1790. Exceptions were documents
about the chemical cabinet covering a period up to 1807.
The materials were analyzed according to the stand-
ard archival research methods illustrated, for example,
in Ventresca and Mohr.2® The benefit of this approach
is providing access to data that would not otherwise be
known. Furthermore, the presentation of the archival
documents according to a schematic organization facili-
tates their use as a resource for scholars interested in the
history of chemistry in 18"-century Italy.

Bonding in Chemistry: Peter Leopold and Giovanni Fab-
broni

One of the first research questions that come to
mind is: did Peter Leopold attend the Imperial and
Royal Museum of Physics and Natural History? Or the
museum’s establishment was, as stated by Solomon,* just
a result of the European Enlightenment ideas? If, on the
one hand, it is beyond dispute that the museum founda-
tion was a consequence of Peter Leopold’s reformism,
i.e., the promotion of science as an instrument of pub-
lic utility,*> on the other hand, it represented a place that
the Grand Duke used to attend in person as shown by
a billet his Intimate Secretary, Giovanni Tommaso Man-
nucci (1750-1814), sent to Fabbroni on 3 September 1789
forewarning his visit for the following day.*!

At the Imperial and Royal Museum of Physics and
Natural History, Peter Leopold established a close sci-
entific relationship with Giovanni Fabbroni. The latter
also assisted him in handling the contacts with vari-
ous foreign chemists and apothecaries, such as Antoine
Baumé (1728-1804).3> Through the mediation of Franc-
esco Favi (1749-1823)* -who was the Secretary of the
Tuscan Legation in Paris deputed to purchase and ship
diverse kinds of scientific products to Firenze via Mar-
seille, Livorno, and Pisa—** Fabbroni got in contact with
Baumé and received a copy of the catalog of his prepa-
rations in July 1787. The Genres du Catalogue de M. de
Baumé encompassed 40 items, among which there were
cobalt crystals useful for both nitrous and vitriolic
acids, flowers of benzoin (benzoic acid), fusible salts of
urine (i.e., the complex of salts present in human urine,
which may indicate ammonium sodium phosphate or
sodium ammonium chloride) and diverse essential oils
(e.g., chamomile and cardamon).*® Since then, Fabbro-
ni bought various boxes of Baumé’s preparations until
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1788.3¢ One of the last products Fabbroni purchased
from Baumé at Peter Leopold’s request was a supply of
pate de guimauve, i.e., a demulcent lozenge prepared
from the root of Althea officinalis.®” On Tuesday 19
May 1788, Mannucci advised that “His Royal Highness
ordered Fabbroni to write to Monsieur Baume to send
him, as soon as possible, 12 pounds of pdte de guimauve
within a small cup, so that it would not be broken”. The
order had to be of particular urgency since Mannucci
sent the same note twice on Friday 22 May 1788.3% At
the end of June, Fabbroni noticed that the box was just
arrived in Firenze, hoping that it would be delivered at
the Royal Chamber soon.** Unlike the previous ship-
ments, the pdte de guimauve was transported from Paris
to Firenze via Genova, and its delivery was in the care of
the courier Francesco Maria Vignolo (dates uncertain).*0

On the same note, Fabbroni gave positive news
about sending 17 pounds and 2 ounces of Venus crys-
tals (copper acetate) that had been bought from Bertrand
Pelletier’s (1761-1767) laboratory.*! The products sold by
Pelletier had already aroused the Grand Duke’s inter-
est in the past. As an example, on 6 April 1787, during
one of his stays in Pisa, Peter Leopold charged his Inti-
mate Secretary Ranieri Fulger (dates uncertain) writing
Fabbroni to inquire about the essences and essential oils
sold by the Parisian apothecary.*?

Peter Leopold was then very interested in the work
of another French chemist, Jean Antoine Claude Chap-
tal (1756-1832).* In an undated document, Mannucci
referred to Fabbroni that the Grand Duke had heard
the news about a “Monsieur Chaptal who has a big store
in Montpellier selling all kinds of chemicals, acids,
and drugs of excellent quality at a meager price”. Man-
nucci then said that “His Royal Highness will appreci-
ate Fabbroni writing to some of his correspondents to
know whether this is true or not. In case of a positive
response, His Royal Highness will be pleased to receive
a note on all the products he sells with their respective
prices”.** Fabbroni wrote to Chaptal*> and the latter sent
back a descriptive letter® on both the compounds he
produced and the procedures he followed for realizing
the crystallization of vitriol oil. In this regard, it has to
be said that Chaptal sent Fabbroni letters like this more
than once. For example, he illustrated the products he
sold in Montpellier and his research methods in a mis-
sive dating 24 December 1786. This document shows on
the top right of its first page a Fabbroni’s brief remark in
which he noted that the response was sent on 15 Janu-
ary 1787. He also noticed to have rewritten to the French
chemist on 22 February 1787 because he was waiting
for a box of chemicals that was not delivered yet. Later,
Chaptal would have informed Fabbroni about his chemi-
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cal products and his upcoming scientific publications.
This is the case of a letter, partially gone missing, in
which he noticed the forthcoming release of a treatise
in two volumes on modern chemistry (i.e., Elements de
Chemie, 1790).4

On 10 November 1786, Fabbroni sent a request for
chemicals to Chaptal following a detailed list Peter Leo-
pold had sent to him some days earlier.*® The content
of the list is reported in Table 1. It is interesting to note
that, on 27 November 1786, the Grand Duke required
that the products, once in Firenze, be delivered to him
in Pisa. They had to be shipped via river using Monti’s
boat that sailed every Friday with the groceries for the
Royal Pantry.#

Table 1. Peter Leopold’s order of chemicals purchased from Jean
Antoine Claude Chaptal. 4 November 1786.

Substances Weight
Vitriol oil 10 pounds
Alkali Volatile Fluor 6 pounds
Alkali Volatile Concrete 6 pounds
Alkali Volatile Caustic 6 pounds
Salt of Tartar 8 pounds
Volatile Salt of Hart’s Horn 2 pounds
Cinchona Essential Oil 1 pounds
Butyric Antimony 1 pounds
Volatile Salt of Hart’s Horn 3 pounds
Oil of Tartar per Deliquium 4 pounds
Diaphoretic Antimony 1 pounds
Flowers of Benzoin 1 pounds
Emetic Tartar 1 pounds
Infernal Stone 3 ounces
Marine Ether 1 pounds
Acetic Ether 1 pounds
Sugar-cane Acid 1 pounds
Regulus of Cobalt 10 ounces

A second list, containing the request for other three
chemicals (e.g., six ounces of phosphor, six ounces of
pyrophorus,®® and one pounds of tartar acid) to buy
from Pelletier’s laboratory, was attached in a letter Peter
Leopold sent to Fabbroni from Pisa on 17 January 1787.%!

The delivery of the products coming from Chaptal’s
store in Montpellier was late, so the company Durand
Martin et C.ie wrote to Fabbroni to apologize for any
inconvenience it might have caused on 3 March 1787.%
When the shipment finally arrived in Pisa on 26 March,
Peter Leopold personally opened the three boxes and
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checked their content. After separating what he would
have kept for himself from what would have been sent
to the chemistry cabinet, the Grand Duke noted that
three chemicals were missing (e.g., the essential oil of
cinchona, the flowers of benzoin, and the marine ether),
so he asked Fabbroni to contact Chaptal to send them as
soon as possible. He was also informed that an unusual
quantity of vitriol oil had been delivered to the Impe-
rial and Royal Museum of Physics and Natural History
and asked to set aside a bottle he would have used for
his experiments when back in Firenze. In this regard, it
has to be noted that Peter Leopold carried out chemical
experiences outside the Royal Cabinet.>® For instance, on
18 December 1786, he gave instructions to the chancel-
lor Gaetano Stefani (dates uncertain) to contact Fabbroni
asking for a supply of lute® to be sent to Pisa. The com-
pound, mixed with boiled oil and clay, had to be like the
one previously prepared by Fabbroni for the experiments
he conducted in the chemistry cabinet. Peter Leopold’s
request was quite urgent. Fabbroni had to prepare and
deliver the lute in a day to the grand-ducal Intimate Sec-
retary, so it could be placed in a suitcase that was ready
to be shipped to Pisa.>

Coming back to the order of chemicals delivered
by the French apothecary Chaptal in March 1787, Peter
Leopold gave away the butyric antimony to the chem-
istry cabinet. He advised Fabbroni that the products’
jars were extremely fragile and had to be handled with
highly caring.”® One of the last orders Fabbroni com-
missioned to Chaptal dated from mid-January to mid-
March 1788.%7

As mentioned before, Fabbroni was not only an
agent for purchasing chemicals but also a mentor who
guided the Grand Duke through the path of chemistry.
For example, while he was experiencing cinchona, Peter
Leopold asked Fabbroni if its extract could be reverted
to gel in a brass pot, in a copper and silver evapora-
tor, or if it was necessary to store the compound in an
earthenware evaporator.>® Fabbroni was also Peter Leo-
pold’s mentor for mineral chemistry and its application
to mining science. In this regard, after visiting the Hab-
sburg iron mines in 1779, Peter Leopold realized that
the Tuscan iron deposits were not adequately exploited.
Therefore, he asked Thaddeus Rauscher (dates uncer-
tain), a mining expert in Carinthia, to come to the
Grand Dutchy of Tuscany to evaluate the ore processing.

Fabbroni discussed the results of Rauscher’s inves-
tigations in two reports in 1780. In the first document,
the events concerning these inspections were summa-
rized. Fabbroni stated that two experts from Carin-
thia arrived in September to check the quality of the
iron ores and any abuses committed by the local min-
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ing administrations. However, one of the two men left
the country promising to return after a few days, while
the other remained in Firenze without continuing the
work. New mining experts arrived from Carinthia, and
after analyzing some ores extracted in Maremma, they
came to different conclusions about the iron processing
systems in use. The first one stated that the defects in
ironworking originated from the small amount of coal
used in processing the raw materials. The second expert
thought that they were caused by an insufficient quantity
of iron ores being processed.”® So ends the first docu-
ment. In the following Report on the iron mines in the
Grand Duchy of Tuscany and the sampling made by Tad-
deo Glauscher of Carinthia in 1780,%° Fabbroni disagreed
with the opinions of the foreign mining experts, saying
that “they were not aware of the progress in iron pro-
cessing made outside their homeland”. As an example,
he stated that the three furnaces employed in the smelt-
ing were necessary because of the samples’ size, while
the iron produced in Livorno, whose excessive malleabil-
ity could be easily corrected, could also be used to man-
ufacture nails and plowshares. However, at the end of his
second report, Fabbroni agreed with Rauscher about the
necessity to reorganize the wood supply for the furnaces
in Val di Cecina. Moreover, the excellent quality of the
coal deposits in those areas was worthwhile for further
analysis.

Peter Leopold was no stranger to this dispute. He
was pleased with the results shown in Fabbroni’s reports
to the point that he supported the research of new ore
deposits in Val di Cecina in the years to come. Starting
from January 1789, Fabbroni investigated the quality of
the soil near the coal mines, their extent, and the possi-
bility of finding other deposits nearby. The Grand Duke
also ordered that an essay on coal mining and its pro-
cessing methods be written to improve and promote this
activity in the Grand Duchy of Tuscany. One year later,
Fabbroni informed Alessandro Pontani (dates uncer-
tain), the Secretary of the State Council, to have fin-
ished the book the Grand Duke requested. The volume
was called Dell’'antracite o carbon di cava detto volgar-
mente carbon fossile (On anthracite or quarry coal, com-
monly called hard coal) and was printed in 250 copies
by Gaetano Cambiagi (1725-1795), who was a typogra-
pher and the owner of the grand-ducal printing house.5!
Besides the investigations he carried out in Val di Ceci-
na, Fabbroni was also deputed to the characterization of
presumed coal samples. These analyses were performed
in the chemistry cabinet. For example, on 26 December
1788, he examined 20 coal samples brought to the muse-
um by Francesco Henrion (dates uncertain), an archivist
at the Archives of the Tithes of the Grand Duchy of Tus-
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cany.%? On Peter Leopold’s request, Fabbroni also exam-
ined ores coming from Montecerboli to ascertain the
presence of borax®® and copper specimens to verify the
possibility of opening a new mine near Arcidosso, a pro-
ject carried out some years later under the grand-ducal
regency of Ferdinand III (1769-1824).54

In the following sub-section, the organization of the
chemistry cabinet is described through the examination
of its catalog —comprising instruments, books, and com-
pounds, some of which belonged to and were made by
Peter Leopold. Information is also given on the destiny
of the cabinet after the Grand Duke left Firenze in the
summer of 1790 to be crowned as Holy Roman Emperor
Leopold II.

A Grand Duke at Work: Peter Leopold’s Chemistry Cabinet

The organization of the chemistry cabinet is illus-
trated in a 100-pages manuscript entitled Laboratorio di
Chimica (Chemistry Laboratory), which is preserved at
the Museo Galileo’s Library.®

The volume covers a period from 1780 to 1807. It
is divided into four sections, the first of which is repre-
sented by the Indice delle droghe e preparazioni chimiche
lasciate al Reale Museo da S.M.I e collocate nella pri-
ma nuova stanza del Laboratorio chimico (Index of the
drugs and chemical preparations left to the Royal Muse-
um by H.R.H. and placed in the first new room of the
Chemical Laboratory). On the first page was reported, in
red ink, the location (Room II) where the preparations
were kept, and each compound was preceded by the
symbols “” or “x”, which probably indicated its presence
or lack ascertained during an inventory. The chemicals
were then grouped according to the shelves where they
were stored, as shown in Table 2. The Results and Dis-
cussions section will analyze this part of the chemistry
cabinet’s catalog.

The following catalog’s section concerned the chemi-
cals obtained by processing the “three Kingdoms of
Natures” (i.e., animals, plants, and minerals), which were
housed in the second of the three rooms designed to
accommodate the chemical cabinet within the Imperial
and Royal Museum of Physics and Natural History.%® In
this regard, it has to be noted that most of these com-
pounds were in poor conservative conditions, since they
were evaporated or altered, and needed to be restored.
The preparations’ list has been transcribed in Supple-
mentary Information Files I-IV, while some informa-
tion of potential interest resulting from the transcription
activity is reported below.

In a closet on the left of the room were substances
of animal and/or human origin (e.g., cow’s milk serum,
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Figure 3. Frontispiece chemistry cabinet’s catalog. Biblioteca del
Museo Galileo, Firenze.

gelatinous part of dried human blood, urine salts) for
a total of 129 preparations. Some of these compounds’
descriptions are followed by the letters “MB” in red ink,
while the red-ink string “O-KI-AO-" is placed before
the “donkey glue as prepared by Chinese people” (Col-
la d’Asino come preparate dai Cinesi). Subsequently,
there were the plant chemicals comprising 295 prepara-
tions. Among them, seven samples were preserved with-
out their containers.®’ It is then interesting to note that
diverse samples of honey were listed as preparations of
vegetable origin, and one of these varieties (e.g., honey
without phlegm, Miele sflemmato in the original text)
was marked with the red-ink letters “MB”. It is also
noteworthy to highlight the presence of two kinds of
milk sugars (e.g., impure sugar milk, Zucchero di Latte
impuro; white sugar milk, Zucchero di Latte bianco) as
well as the numbers “II” and “III” to indicate two dif-
ferent samples of rectified ether. Numbers “27, “2.3”,
and “3” were used to show respectively a sample of tur-
pentine essential oil (Olio essenziale di Terebentina),
and two samples of turpentine oil (Olio di Terebentina).
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Table 2. Numbers of shelves and preparations as listed in Index of
the drugs and chemical preparations left to the Royal Museum by
H.R.H. and placed in the first new room of the Chemical Laboratory.

Shelf Drugs and Preparations Nos.
I 81
11 45
111 79
v 63

VIII 92
IX 89
X 36
v 40
VI 145

VII 85
IX 54

XII 51

XIII 75

Above the shelves 15

The only compound that was cataloged as a poison was
a sample of Ticunas, i.e.,, an American poisonous sub-
stance whose effects were studied by Felice Fontana in
an essay published in 1780.5% On the right side of the
room, a closed kept the compounds that were realized
by processing minerals for a total amount of 436 sam-
ples. Two preparations (e.g., Earth-based Sea salt, Sale
marino a base terrosa; Hombergy’s sedative salt, Sale
sedativo d’Hombergio) were inventoried without contain-
ers (vase missing, manca il vaso). The red-ink numbers
“I”, “II”, “II1”, and “IV” indicated four samples of blue
enamel (Azzurro di smalto), while the string “100.6” and
“8.00” was reported on a cobalt sample (Cobalto reputa-
to fattizio con 100.6. e 8.00. di Vienna). The number “2”
showed that a sample of Berlin-blue was prepared using
Sheele’s method (Azzurro di Berlino privato della parte
colorita col metodo 2: di Sheele). The letters “A.B.” were
then present in the description of a crystallized fusible
alloy (Lega fusibile dell’A. B. cristallizzata). The cabinet
also preserved 104 chemistry and natural sciences books
constituting the third catalog’s section.®® Many of these
volumes were written in German and French, while only
two editions in Italian were present.”” The inventory
did not provide information about the books’ publish-
ing house or their year of publication with the excep-
tion of Taschenbuch fiir Scheidekiinstler und Apotheker
auf das Jahr (1789) and Gottling’s Almanach (1780). The
books’ titles were usually shortened as well as the names
of their authors. The number of tomes in a single work
followed the title. At the end of the section, a brief note
remarked that all the compounds and preparations are



Just a Grand Duke who Loves Chemistry

usually used in experiments and other investigations.
For this reason, they were not included in the general
catalog. The transcription’’ of the entire inventory is
provided in the Supplementary Information Files.

The fourth and last catalog section described 56 sci-
entific instruments (e.g., balances, mortars, boilers). The
transcription of this section is also presented in the Sup-
plementary Information Files. It is interesting to note
that the title of this section referred to the objects stored
in all three cabinet rooms (Utensili e arnesi che si con-
servano nelle tre stanze del Laboratorio). Nevertheless,
ten instruments kept in a fourth room, i.e., the cabinet’s
obscure hallway (androne oscuro), were also inventoried.
It is then worth of mention that the descriptions present-
ed in this section are more detailed than those given in
its previous catalog parts, providing accurate data about
the instruments’ physical and external characteristics,
the materials they were made from, and whether acces-
sories were present or not. By analyzing this descrip-
tive model, it was discovered that two anvils showed the
emblem of the Medici family.”?

After Peter Leopold returned to Vienna to be
crowned Holy Roman Emperor Leopold II, he donat-
ed the workbench and all the objects preserved in the
chemistry cabinet to the Imperial and Royal Museum
of Physics and Natural History. The donation happened
on 27 July 1790 when all the preparations belonging to
the Grand Duke were transferred to the purpose-built
museum room together with “various tools, housewares,
earthenware, and crystal vases”. Fabbroni’s economic
evaluation estimated the cabinet’s value at 7217 Tuscan
lire. In detail, the chemical preparations and the instru-
ments were evaluated at 6235 Tuscan lire; the house-
wares, the furniture, and the tools at 952 Tuscan lire; the
books at 30 Tuscan lire.”?

RESULTS AND DISCUSSIONS

This study aimed to assess the history of the chemi-
cal cabinet at the Florentine Imperial and Royal Museum
of Physics and Natural History during the Grand Duke
Peter Leopold’s regency. To achieve this goal, the cata-
log of the chemical cabinet was analyzed, and the entire
manuscript text was transcribed in the Supplementary
Information Files. The investigation showed that 1534
items were kept in the cabinet between 1780 and 1807.
Among them, there were 1374 chemicals. What is inter-
esting about the data is that 950 compounds belonged
to Peter Leopold and therefore, they were inventoried
and described altogether in the first part of the catalog.
A closer inspection of their list transcribed in the Sup-
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plementary Information File I revealed as some of these
preparations might have been prepared by the Grand
Duke himself. For instance, a sample of Lac Martin - i.e.,
a mastic-based varnish used in the restoration of paint-
ings — was described as “made by His Royal Highness
[on] 29 December 1780”.7* One of the most intriguing
aspects, besides the sample evidence of Peter Leopold’s
genuine interest in chemistry, is that it was still preserved
in the early 20" century when Ugo Schiff (1834-1915)
noted its presence among the compounds kept in the
chemical cabinet. Schiff also outlined that Jakob Philipp
Hackert (1737-1807), a painter working for Ferdinand
I of the Two Sicilies (1751-1825) in Napoli, had prob-
ably illustrated the method for preparing the Lac Mar-
tin to Peter Leopold during the meeting he had with
the Grand Duke at the end of 1778.7 In this regard, it
has to be noted that the sample made by Peter Leopold
was stored on Shelf no. VIII, which was entirely devoted
to the preservation of dyes and varnishes for painting,
coating wood, gilded brass, and other minerals. Among
the 92 preparations, there were two samples of Lac Mar-
tin: the one prepared by Peter Leopold and a second one
briefly described as “Bechi’s Lac Martin”.”® Unfortunately,
the catalog provided neither further information on Peter
Leopold’s preparation nor on the Bechi’s one.

Nevertheless, the latter could be possibly identi-
fied with Antonio Bechi (dates uncertain), a member
of the Florentine Confraternity of the Misericordia and
an impresario who established a theater in Via di Porta
Rossa in 1760.”7 In the current state of research; it is nei-
ther possible to affirm nor deny that the Bechi who pre-
pared the second Lac Martin sample was Antonio Bechi.
And if this was the case, neither had he ever met Peter
Leopold to explain the varnish preparation. However,
this is a hypothesis valuable to be explored in further
studies.

Another striking observation emerging from com-
paring the chemicals’ inventory belonging to Peter Leo-
pold is that various preparations were comprised in the
orders the Grand Duke received by the diverse French
apothecaries in the 1780s. As expected, not all the com-
pounds bought through the years have been cataloged
(e.g., the pate guimauve) because they were used to per-
form experiments or make other preparations, such
as the radical vinegar of Venus, which was based on
Venus crystals. However, Table 1 showed that most of
the chemicals ordered to Chaptal on 4 November 1786
(excepting the essential oil of cinchona) were cataloged
in pure form (i.e., flowers of Benzoin, emetic tartar,
infernal stone, and sugar-cane acid) or in combination
with other compounds. This is the case of the marine
ether, which was used to make four different prepara-
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tions (i.e., manganese marine ether with vitriolic oil,
marine salt, and wine spirit; marine ether with Libavio’s
liqueur; nitrous and vitriolic marine ether).

It is then worth of mention that Peter Leopold’s
interest in mineral chemistry outlined in the previous
Section was confirmed by the catalog’s analysis of his
preparations preserved in the chemical cabinet at the
Imperial and Royal Museum of Physics and Natural His-
tory. For example, diverse compounds were utilized in
mineral processing, such as vitriolic oil, which was used
in the distillation of manganese and the extraction of
lead in association with cobalt and zinc. In this regard, it
is interesting to note the presence of many preparations
constituted by minerals such as ruby-Sulphur (realgar)’
and various copper-, antimony-, and manganese-based
compounds. About this topic, it is worth mention-
ing that on Shelf No. V was kept 30 cobalt prepara-
tions, such as a cobalt specimen from Vienna melted
with nitrous acid and prepared with tartar oil, and four
compounds made with zaffre (zaffra), which indicated
impure cobalt arsenate.” Among them, one was used for
realizing a sample of sympathetic green ink mixed with
royal water (aqua regia), i.e., a 3:1 mixture of hydrochlo-
ric acid and nitric acid. In this regard, it is important
to note that 13 different sympathetic cobalt-based inks
were preserved, including five green and one rose sam-
ples. It can be assumed that Peter Leopold was genuinely
interested in sympathetic inks and their chemical prin-
ciples, a fondness he shared with the cultural milieu of
his time. On this, Macrakis highlighted that sympathetic
inks gained the interest of the intellectual community at
the end of the 18" century. In particular, the progress
in knowing the properties of cobalt (e.g., the chang-
ing of colors from rose to green and blue when heated)
in the early 1700s and the research of chemists such as
Jean Hellot (1685-1766) and Pierre Joseph Macquer
(1718-1784) allowed the use of these writing tools to
become much more advanced and fashionable through-
out Europe.®®

The remaining parts of the catalog gathering the
chemical preparations belonging to Peter Leopold pre-
sent various compounds that could be utilized in pre-
cious metal refining as a mixture of Salpeter and ammo-
nia salt to refine gold. These preparations may help us
understand the research on mineralogy, chemistry, and
mining activities the Grand Duke performed with Gio-
vanni Fabbroni’s assistance.

The present results are significant in at least two
major respects. Broadly speaking, the compounds
belonging to Peter Leopold that were listed in the first
part of the chemical cabinet’s catalog reflected the insti-
tutional reforms he undertook to promote the develop-
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ment of chemical knowledge through the establishment
of new research centers as the chemical cabinet at the
Royal Museum of Physics and Natural History. The lat-
ter soon became a center of great importance from a
European perspective, as shown by the French apoth-
ecaries with whom Fabbroni was in contact. The cabi-
net was then equipped with the most up-to-date instru-
ments and tools to perform experiments in pneumatic
chemistry, as revealed by the analysis of its catalog.
Furthermore, the investigations carried out at the chem-
istry cabinet, such as those to improve iron processing
in Maremma or the research on the characterization of
valuable minerals, were aimed, as stated by Mokyr, at
expanding the set of useful knowledge and applying nat-
ural sciences to solve technological problems and bring
about economic growth.®! To this theoretical framework
has to be referred to Fabbroni’s publication on the coal
deposits, which represented a means to promote min-
ing sciences and activities within the Grand Duchy of
Tuscany. In this regard, it is noteworthy that the typolo-
gies of the preparations listed in the chemistry cabinet’s
catalog showed how chemistry was an applied science in
18™"-century Italy, closely linked on the one hand with
medicine and pharmacopeia and on the other hand with
mineralogy and mining processes. On this subject, it is
interesting to outline that Peter Leopold asked Thaddeus
Rauscher to improve the working methods used in Tus-
can iron deposits and ordered Fabbroni to observe the
mining and mineral processing techniques utilized in
the Habsburg mines. This action followed similar reso-
lutions taken by the rulers of other Italian states that
supported the educational travels to the mines of Cen-
tral and Northern Europe (e.g., to the renewed Chem-
nitz mining school) for their naturalists, as happened
to Marco Carburi (1731-1808) and Matteo Tondi (1762-
1835).82 So, it was not by chance that Fabbroni, after the
Restoration, left his position as Director of the Imperial
and Royal Museum of Physics and Natural History to
be responsible for the mint and the mines of the Grand
Dutchy of Tuscany. It should then be noted that the
measures Peter Leopold implemented to improve chemi-
cal knowledge, such as the establishment of a chemistry
chair at the University of Siena in 1771, continued the
actions carried on by his father, Francis I, who instituted
the first Tuscan chair of chemistry at the University of
Pisa in 1757.8

Subsequently, the combination of the findings pre-
sented in this study raises the possibility that Peter Leo-
pold’s interest in chemistry, although influenced by the
cultural context in which he lived, could be genuine.
For example, he carried out experiments on the diverse
phases of matter and performed personal investigations
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outside the chemistry cabinet, as shown by the orders of
chemical products he asked to be delivered in Pisa with
urgency at the end of 1786.

About the remaining parts that constituted the cat-
alog of the chemical cabinet, it was considered not to
explore them further than the materials presented in the
previous section since these inventories are linked nei-
ther to Peter Leopold nor to the activities he carried out
at the chemical cabinet, covering the volume a period
up to 1807. Regarding the inventory of the books kept in
the chemistry cabinet, it is interesting to outline that on
14 May 1789, Francesco Favi informed Fabbroni of the
publication of Lavoisier’s Traité élémentaire de Chimie
and of the first volume of the Annales de Chimie. Favi
then advertised to have shipped the books by courier
to Fontana’s address and asked whether he was to send
the ongoing annals or not.3* According to inventory, the
museum acquired for the library of the chemical cabi-
net both the volumes of Lavoisier’s Traité élémentaire de
Chimie and the first ten issues of the Annales de Chimie.

CONCLUSIONS

The present study aimed to examine the history of
the chemical cabinet at the Imperial and Royal Museum
of Physics and Natural History up to 1790, when Grand
Duke Peter Leopold, who founded the museum in 1775,
returned to Vienna as Holy Roman Emperor Leopold II
The second goal of this work was to analyze Peter Leo-
pold’s interest in chemistry to investigate whether he
had a sincere fondness for this branch of science. Thanks
to the examination of the chemical cabinet’s catalog,
whose transcription is presented in the Supplementary
Information Files, and the data comparison with oth-
er archival sources relative to the Imperial and Royal
Museum of Physics and Natural History, this study has
found that the establishment of the chemical cabinet fell
under the policies for promoting scientific culture Peter
Leopold implemented in the Grand Dutchy of Tuscany
under his regency. However, one of the more significant
findings to emerge from this work is that the establish-
ment of the cabinet and its management also suited the
Grand Duke’s interests in natural and experimental sci-
ences, disciplines that experienced remarkable advance-
ments in the second half of the 18 century. Peter Leo-
pold’s fascination with analytical chemistry is evidenced
by the collection of preparations he owned within the
chemical cabinet —some of which he made- that were
inventoried in the first part of the cabinet’s catalog.
Their analysis, together with the reconstruction of the
activities he carried out with the help of Giovanni Fab-
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broni, showed the scientific and experimental interest
in the chemistry of an Enlightened ruler, who was fully
aware of the economic, social, and cultural benefits that
would result from the development of chemical knowl-
edge for the territories under his governance.
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from Livorno to Pisa and Firenze.

[35] AMG, Fabbroni 04, cc. 69-72. Another list of chemi-
cals Fabbroni asked Baumé for is given in AMG, Fab-
broni 04, c. 57.

[36] AMG, Fabbroni 04, cc. 30-32, c. 52.

[37]R.D. Hoblyn, Dictionary of terms used in medicine,

printed for Sherwood, Gilbert, & Piper, London,

1844, p. 228.

AMG, Fabbroni 04, c. 16.

AMG, Fabbroni 04, c. 11.

AMG, Fabbroni 04, c. 12.
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Parisian laboratory in Rue Jacob 48. Following Jean
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realized salt crystals that were soluble at very slow

evaporation. In 1785, he confirmed Carl Scheele’s

(1742-1786) discovery that chlorine could be pro-

38
39
40

[
[
[
[41

—_—



Just a Grand Duke who Loves Chemistry

duced from hydrochloric acid and manganese. See:
W.A. Smeaton, Platinum Metals Rev., 1997, 41,
86-88.

[42] AMG, Fabbroni 04, c. 77.

[43]Jean Antoine Chaptal, Count of Chanteloup, was
a chemist and a statesman. His studies dealt with
the industrial manufacture of soda ash and sodium
nitrate. With Louis Nicolas Vauquelin (1763-1829),
he determined the alum composition, promoting
its industrial production by synthetic means. See: J.
Hoft, Technology and culture, 1998, 39, 671-698.

[44] AMG, Fabbroni 04, c. 43. This document is related to
a brief note, showing no signature or date, partially
written in French, reporting general information
about Chaptal and his well-stocked store in Montpel-
lier. A closing remark in Italian says, “I would write
for the prices and the kinds of products he sells” See:
AMG, Fabbroni 04, c. 48.

[45] AMG, Fabbroni 04, c. 50.

[46] AMG, Fabbroni 04, cc. 101 and 108.

[47] AMG, Fabbroni 04, cc. 80-81.

[48] AMG, Fabbroni 04, c. 2. The document heading
reported that if Fabbroni did not need to file the
order note, this would be sent back to His Royal
Highness.

[49] AMG, Fabbroni 04, c. 104.

[50]The Pyrophorus Hombergii was a flammable com-
pound realized from human fecal matter created by
the Dutch chemistry and physician Wilhelm Homb-
erg (1652-1715) in the early 18" century. See: L.
Principe, The Transmutations of Chymistry. Wilhelm
Homberg and the Académie Royale Des Sciences, Uni-
versity of Chicago Press, Chicago, 2020.

[51]AMG, Fabbroni 04, cc. 89-90.

[52] AMG, Fabbroni 04, c. 86.

[53] AMG, Fabbroni 04, c. 84.

[54] The lute was usually used in chemical distillation
processes to seal a vessel and prevent the dispersion
of the stem while protecting its surface from heat.
See: S.J. Linden, The alchemy reader: from Hermes
Trismegistus to Isaac Newton, Cambridge University
Press, Cambridge, 2003.

[55]AMG, Fabbroni 04, c. 126.

[56] AMG, Fabbroni 04, cc. 96 and 98.

[57] AMG, Affari 002, c. 355.

[58] AMG, Fabbroni 04, c. 30.

[59] AMG, Fabbroni 02, cc. 9-12.

[60]AMG, Fabbroni 02, cc. 2-8. The original title was
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Rauscher, since the correct spelling of his name is
mentioned in the opening of Fabbroni’s report.
AMG, Fabbroni 03, cc. 268-271.
AMG, Fabbroni 03, c. 253.
AMG, Fabbroni 03, c. 251.
AMG, Fabbroni 03, c. 275 and 404.
AMG, Fabbroni 10, cc. 1-99.
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nor in the chemistry cabinet’s catalog, it is impossible
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220, ix—xlv.

[69] The third catalog’s section was entitled Libri darte che
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Julius Richter, Leipzig, 1861, p. 1128.
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Quimicas, 2009, 40(2): 111-121; C. Lehman, Ambix,
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