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THERMODYNAMICS OF HOMOGENEOUS PROCESSES L

mechanics™ or “material science” in its title, we find a chapter on ther-
modynamics, but that chapter presents a curious contrast with the same
author's pages, earlier in the book, on pure mechanics. There the reader
is faced by mappings, fields of vectors and tensors, Jacobians, differential
invariants, perhaps even Christoffel symbols and affine connections; of
course he is presumed familiar with caleulus as calculus has been taught
for the last fifly years He can understand dynamical equations in ten-
sorial form:

divT+pb=p¥ or T4 pht = pi 2
He is informed, in each case, what the dependent and independent varia-
bles are, he is presented with explicit differential equations and bound-
ary-valuc probkms, he is shown many special solutions in concrete cases
and is directed 10 grand tomes where he can find thousands more such
solutions not given in the book he is reading, and often he is told about
some major problems still unsolved and is challenged 1o solve them him-
self. The same reader of the same book then reaches the chapler on ther-
‘madynamics, where he is faced with the “axiom ™

TdS 280 3

He is told that dS is a differential, but not of what variables § is a fune-
tion; that 50 is a small quantity not generally a differential; he is expee-
ted to believe not only that one differential can be bigger than another,
but even that a differential can be bigger than something which is not
differential. He is loaded with an arsenal of words like piston, boiler, con-
densce, heat bath, reservoir, ideal engine, perfect gas, quasi-static, cyclic,
nearly in equilibrium, isolated, universe —words indeed familiar in cvery-
rhy life, doubtless much more familiar than “tangent plane™ and * gradi-
and “tensor”, which he learned to use accurately and fluently in the
earlier chapters, but words that never find o place in the mathematical
structure at all, words the poor student of science is expected 10 learn to
hurl for the rest of his life in a rhetoric little sharper than a housewife's
in the grocery store. The mathematical structure, in turn, is slight,
There are no general cquations (o be solved, no boundary-value or
value problems set, no general theorems characterizing classes of solu-
tions. The examples or exercises require no more than calculating par-
tial derivatives or integrals of given unctions or their inverses and plug-
ging numbers into the results. The references cited lead to other books
containing just the same matcrial, perhaps otherwise explained and ord-
ered, but no broader or clearer in concept, and equally unmathematical.
No problems, in the sense that the word “problem™ has in the theories
of mechanics or electromagnetism or optics or heat conduction, are
solved. Neither are any open problems stated. The reader must presume
that thermodynamics is an cxhausied as well as exhausting subject, with
nothing left to be donc,

62 €, TrusspELL

As if to emphasize the difference between mechanics and thermody-
‘namies, even the notations of calculus change from one to the ather. Not
only do differentials replace derivatives, but even derivatives look differ-

ent, eg.,
5 a5
v - T(af),. o

The difference is not merely formal (nofe the three different ds). It repre-
sents a difference of logic. In some books the chapter on thermodynamics.
contains a laborious geomctrical cxplanation of the partial derivative, al-
though partial derivatives required not even a definition to justify their
abundanee in the carlier chapiers on mechanics. In paraphrasing bis old

text, after having sections from perhaps
still older treatises on continuum mechanics, our interdisciplinary com-
piler-author has forgotten that thermodynamics books are written for a
different class of readers, and he reproduces vague, descriptive, and un-
mathematical wordplay which he himself would not for a moment tolerate
in his own chapter on clasticity.

‘The difference is that thermodynamics never grew up. While aspects of
mechanics were developed, applied, generalized, ml recast by nearly

from w0 G. D. BIRKHOFF,

‘who reads about eum today is made 10

Tollow KeLvin's preference for differentials, which Keoviv Il main-

tained in mechanies as well but hydrodynamicists and clasticians have

long since abandoned, and to suffer over again the insecurity Cravsius

scems to have felt whenever he used caleulus. For example, our poor

reader is expected 1o believe that something different can come out of a

line integral if the line is approximated by infinitesimal adiabats and iso-
therms, in defiance of the fundamental theorem of integral calculus.

In this lecture 1 will show you that classical thermodynamics can be
stated precisely and learned, just as classical mechanics is stated preciscly
and Jearned. There arc prablems to be solved in thermodynamics. We can
State these problems, and we can solve them in important special cases;
mare gencral ones remain to be studied, The range of intended applica-
tion of classical thermodynamics is 1o homogeneous systems, namely,

i ns of time only. A stan-

in a beaker sufficiently

stirred that there are no differences of temperature, concentrations, or
parameters from point ta point at any given time, Opening at ran-

dom a recent and widely used book! on physical chemistry, 1 found an
clegant diagram of just such & beaker, called a “stirred flow reactor”,
which is sketched in Figure 1. According to the author, “the reactants

' is selected as being typical iticism of any particulas author,
1 do not sie the book quoted.




THERMODYNAMICS OF HoMOGENEOUS PRoCEsSES

Figute 1 Sirred flow reactor.

enter the vessel at A, and stirring at 3,000 rpm effects mixing within about
a second.” He tells us that the product mixture is removed at B at a rate
exactly balancing the feed, and that after a steady state is attained, the
composition of the mixture in the reactor remains unchanged as long as
the composition and rate of supply of reactants are unchanged. The nu-
merical values, irrespective of the size of the vessel and of what be the

reactants, seem intended to help us keep our feet firmly on the ground of
empirical science. 1 cannot help wishing to see some of my classically
thermodynamic friends try the experiment with asphalt as one ingredient
and nitroglycerin as the other. Were some mathematician to dream up
this apparatus, his colleagues in the natural sciences would rise with con-
descending smiles or scathing comments on persons who live in the
clouds, but in fact it scems to furnish the standard way to connect classi-
cal thermodynamics with the world of experience, although, of course,
conditions need not be steady in the theory we shall consider now. This
theory describes the same situations, though possibly unsteady, as those
for which classical thermodynamics is intended. I the one is applicable,
sois the other. All quantitics I shall writc down will be functions of time,
not varying in space, and a dot will denote the time derivative.

1 shall draw parallels to classical mechanics. In this instance, “classical
‘mechanics” will mean the Newtonian mechanics of finite systems of mass-
points, called “bodies".

Any branch of mathematical physics is constructed in terms of:

. A list of primitive quantities, not defined except by mathematical
propertics laid down for them.

2. Definitions of other quantities in terms of the primitives.

3. General axioms stated as mathematical relations satisfied by the

primitives and the defined quantities.

64 C. TRugsDELL

4, Proved theorems referring to:
a. The theory as a whole, or
b. Mathematically defined special cases.

The axioms are regarded as general principles or physical laws: They refer
10 all systems covered by the theory. Particular systems may be sclected
and studied at random, but it is mors useful to spesify them by constitu-
tive relations intended 1o represent important classes of systems. The en-
tire class of constitutive relations is delimited by constitutive axioms,
which are concrete, mathematical statements in terms of the variables
entering the general axioms. The general principles express properties
common 10 all systems, while the constitutive relations formalize diversi-
ties among the systems allowed by the gencral principles. It should be un-
necessary 1o remark that the choice of primitives, definitions, and axioms
is not unique, and that any given theory may be constructed in infinitely
many different but cquivalent ways. (This fact, however, should not be
taken as a license, as often it is, especially in thermodynamics, to present
a physical theory in a merely suggestive form, with no mathematical
structure at all.)

Table | contains a possible list of primitives, axioms, and constitutive
cquations for classical mechanics and classical thermodynamics. The table
merely describes the two theories, not pretending to supply a formal axio-
matic development of either.

T will now explain the entries. The “classical mechanies™ described
here is a fairly special one; casily it could be generalized so as to include
variable masses, frictional forces, and multiple interactions, but I have
kept it special so that every line will be understood without question by
anyone who has studied mechanics in any standard book. The system of
thermedynamics outlined, on the other hand, is morc gencral than the
usual ones for homogencous processes, and in form it will surely be un-
familiar. This leeture is devoted to presenting i, though not in the order
of the entries. To the few mathematical supplements nccessary, T will ad-
join simple explanations such as are given in a beginning course in mech-
anics 50 as to help the student relate the symbols to everyday cxperience.
AL the same time, 1 will recast the mathematical structure into a more
elaborate but more familiar one by introducing appropriate definitions
and proving some easy theorems.

Classical thermodynamics refers to only one whole body @, not an in-
finite system of subbodies, so we need not write the argument # any
more. At each time, the body is assigned a real number called the temper-
ature. This number is a measure of how ot the body is. Instruments for
measuring it are called " or
show that whatever such instrument be used, there is a temperature below
which no body can be cooled. This lcast possible temperature depends on
the thermometer used but not on the bodies whose temperature it mea-
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HUCKEL NOLECULAR ORBITALS OF MOBIUS-TYPE CONPORMATIONS
OF ANNULENES

E.Heilbronmer
Lavoratorius fur org he Chemis der Pidg. Techni:
Hochsohule, Ztrich
(Received 1 June 1964)

The

of a Ar- system

can be specified by listing the twist angl .« botween

811 pairs of bonded atomic orbitals (a0s) D, ), . The

esonance tategral f,, of & twisted T-bond 1s given by (1)
By = B oos Wiy
 being the standard resonance imtegral for a pair of pa-
Tellel A0s. It is usually assumed that the total dr-slec-
tron energy has an absolute maximum for the coplanar sys
(811 Wiy = 0 or T ). Any conformation ¥ith ome or more an-
&les w,, different from zero or T vould then heve a smal-
ler 9 -electron emergy, assuming that the imteratomic di
tances betwesn pairs of bonded A0s remain constent, Ve shall
show that, according to Hickel moleculsr orbdital (HNO) theory
this may mot necessarily be

The higher members of the snaulenes (CH),

o (2) ave pre-
oumably pros

t 1n solution in o variety of mon-planar com-
inong these there are some ¥here
the G -orbital is twisted into s mSbius strip, Such confor-
tions can be obtained with standard molecular models (Drei~
4ding or Stuart - Brieglob) without introducing any apparent
bond angle or steric Tepulsion strain whem m> ~ 20, The topo-
logical equivalent of such a N5bius type conformation is
shown 1n fig. 1.

1923

MBbius-type conformations of ansulenes




ARTICLES
Design and synthesis of the first triply twisted

Méobius annulene
Gaston R. Schaller', Filip Topié?, Kari Rissanen?*, Yoshio Okamoto’, Jun Shen* and Rainer Herges'
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derconstrained nonorientable linkages

Single degree of freedom everting ring linkages with
nonorientable topology

Johannes Schonke®" and Elot Fried"

Unkages ar assemblies of rigid bodies connected through joins.
They sarve a1 the bass for force. and movemen
devces ranging
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A chain of N > 7 identical twisted connected by revolute hinges can be
closed into a nonorientable linkage only if the twist angle 6 € (0, 7/2] of
the links obeys 8 > 6.(N) > 0.

Each linkage so obtained is topologically equivalent to a Mobius band
with three half twists.

For 6§ = 6.(N), closing the chain generates N — 7 self stresses, leaving
only one of the NV — 6 internal degrees of freedom expected from the
Chebyshev—Griibler—Kutzbach mobility criterion.

For N > 8, the linkage with 6 = 6.(N) thus has “exceptional” mobility.

For & = 6.(N), an everting motion afforded by the surviving internal
degree of freedom.

Click here for visualization.
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Background

Properties of the limit surface
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The KINEMATICS
o
VORTICITY

C. TRUESDELL

Graduate Institute for Applied Mathematics
Indiana University

INDIANA UNIVERSITY PRESS
Bloomington + 1954

2 ‘vTRODUCTION

special cases of certain purely kinematical theorems valid for arbitrary
‘modi. Let 5o one contand, however, that T have merely derived

thetical sections,
nmnptwd:mnﬂlﬁhmxphy-ulmpumnm but rather to let the

3 1 remarks,

mmmmumwhedmm\munwn!mtheﬁlﬁnn—lwl
cannot too strongly urge that & kinematical result is & result valid

lm,mmmmnm..ndxn.mmym “laws” of
physies.
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Parametrization & of a helicoid H of pitch p # 0, axis A of length ¢, and
radius a:

- 2rs . 27s e = O
o(s,v) = se1 + U(COS —es + sin —eg), S Rk
p p

€; X € = €,jk€k-

Parametrization ¢ of a ruled Mébius band B:

@(371)) — d(S) + ’Ug(S),

|d‘ =1, ’g| =1,



Isometric deformations from circular helicoids to M&bius bands

]:v 4
*(£/2,a/2)

9(£/2,a/2
% 8 y(/\d{

#(0/2,a/2)

57 SNP Meeting | Truesdell Lecture 14 / 30



Isometric deformations from circular helicoids to M&bius bands

Results of requiring that 7 be isometric
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Bending energy
Suppose that each H is homogeneous, isotropic, and elastic.

Since m is isometric, the energy 1, per unit area, stored in bending # to
B depends at most on the mean curvature H of B.

If v is quadratic in H, then, since H is minimal,

¥ = 2uH?, p > 0.

For the above choice of %, the total bending energy E of B has the
dimensionally reduced form

up L 2mwa
agg 5 o = ﬁarcsnl 77
=32 VQ/ ]b| ds — 2am?1?, ,
v=—.
|pl

Minimize F' = E'/« subject to:

) D) 4 :
b = 1, b = =¥ /bxbds:O
(0]




Isometric deformations from circular helicoids to M&bius bands

Solution of the constrained variational problem
o
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Isometric deformations from circular helicoids to M&bius bands

Valley points exhibit rotational symmetry

577 SNP Meeting | Truesdell Lecture 20 / 30



Isometric deformations from circular helicoids to M&bius bands

Topological transitions at peak points

isometric deformation

57 SNP Meeting | Truesdell Lecture
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Isoenergetic and isometric everting motions of Mébius bands

Isoenergetic and isometric everting motions of
stable Mobius bands

57 SNP Meeting | Truesdell Lecture 22 /30



By the constraints |b| = 1, b- b, = 0 and, thus, since b, bs, and b x by
are orthogonal, there exist scalar-valued quantities U and V such that

by =Ubs + Vb x b;.

Seek solutions of the form

b(s,t) = B(s + ct), ¢ = constant.

By the antipodal junction conditions, 3 must be periodic with period

_
-

T

Since bs; and b x by are orthogonal, U and V' must satisfy

U=c and VvV =0.

If by is a minimizer, then F; = 0.

Click here for visualization.
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£(0) = Asinf I

A = constant




Everting motion of the N = 9 hinged ABCABCABC linkage.






Each H with v = 1.29 or more turns can sustain at least one isometric, chirality
preserving deformation into a stable Mobius band.

The choice v = 1.29 corresponds to the limit surface of the Mobius kaleidocycles.

Valley points of the lower envelope of F' versus v yield energetically optimal
stable Mobius bands with n = 2k + 1, £k = 1,2,..., half twists and n-fold
rotational symmetry.

Stable solutions obtained for choices of v that do not correspond to valley points
do not possess rotational symmetry.

Topological transitions are possible at the peak points of the lower envelope of
F versus v.

Stable solutions provide initial data for isoenergetic and isometric everting mo-
tions.




Deployable structures
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Summary
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Summary
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Use findings to develop guidelines for designing and synthesizing molecular

Mobius bands. . .

- Explore the existence of threshold values of v above which three or more

stable solutions exist. . .

- Establish a rigorous basis for the empirical lower bound of F'. ..

- Fabricate underconstrained nonorientable linkages with five or more half

twists and/or knots. ..

- Explore whether knotted solutions can be stabilized by incorporating other

physical effects. . .

- Study the quantum mechanical properties of optimal Mobius bands. . .

0P
0

h2
B0
‘ 2m

(A+ H? - K)®
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Self-assembled Mébius strips with controlled
helicity

‘Guanghui Ouyang® 2, Lukang Ji*3€, Yugian Jiang", Frank Warthner ® 2 & Minghua Liu® 5%
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theoretical simulations may advance the prospect of creating chira topologicaly complex
structures via supramlecuar approach.
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ARTICLES

Mg oo/ 101038 44160-022.00075:8

OPEN
Synthesis of a Mébius carbon nanobelt

Yasutomo Segawa 4%, Tsugunori Watanabe?, Kotono Yamanoue*, Motonobu Kuwayama**,
Kosuke Watanabe ', Jenny Pirillo ©*, Yuh Hijikata ¢ and Kenichiro Itami 455

structursl esures on the molecular scale in nanocarbons.
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Here w report the synthesis, isolation and opical analysis
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