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Abstract

The “usud dory” regarding molecular chemigtry isthat it is roughly an gpplication of quantum
mechanics. That isto say, quantum mechanics supplies everything necessary and sufficient, both
ontologicaly and epistemologicaly to reduce molecular chemistry to quantum mechanics. Thisisa
reductive story, to be sure, but a key explanatory eement of molecular chemistry, namely molecular
dructure, is absent from the quantum realm. On the other hand, typica characterizations of
emergence, such as the unpredictability or inexplicability of molecular structure based on quantum
mechanics do not characterize the rdationship between molecular chemistry and quantum
mechanics well either. A different scheme for characterizing reduction and emergence is proposed
that accommodates the relationship between quantum mechanics and molecular chemistry and some
initia objections to the scheme are congdered.



Even within physica science, reduction between different levels of explanation is
problematic-indeed, it is amost dways 0.
Sir Michad Berry

1. Introduction

How are physics and chemistry related? The typicd answer to this question in chemigtry textbooks
aswdl as much literature in philosophy and the sciences is reductionist, much in the spirit of Paul
Dirac’ s famous quote:

The underlying physicd laws necessary for the mathematical theory of alarge part
of physics and the whole of chemigtry are thus completely known, and the difficulty
isonly that the exact gpplication of these laws lead to equations much too
complicated to be soluble (Dirac 1929, p. 714).

There are, of course, some powerful philosophical judtifications for this kind of answer. For
example, mereologica dependence-where properties of wholes depend in some way on properties
of their parts-ooks to indicate that quantum physics suppliesthe “parts’ for for the
“wholes’-molecules-of chemigtry. In other words, quantum physics provides the base from which
the properties of chemica molecules arises.

Another judtification for this reductionist perspective comes from the compl eteness of
physics (CoP). Here, we can distinguish two forms. In the epistemic form, CoPe, physicsams for a
complete description of physica phenomena. Since descriptions of chemica phenomena crucidly
involve dements from physics, physics descriptions ought to yield chemistry descriptions (modulo
derivationd complications referred to by Dirac). In the ontologica form, CoPo, physicsinvolves
fundamenta laws of dl matter. Since, chemica phenomena crucidly involve dements from physics,
the laws and properties of physics ought to yield chemica laws and properties (modulo derivational
complications).

The usud sory for this reductionist relationship between chemistry and physics, runs
roughly as follows (Hendry 1998): Chemidtry should be a completely quantum mechanicd affair as
the firgt principles underlying chemidry are to be found in the domain of quantum mechanics.
Therefore, in principle we can get chemistry from physics by some form of deduction, implication
or derivation. For ingance, in quantum chemidry, one first specifies the fundamenta physica
interactions (electromagnetic, strong- and wesak-nuclear, etc.), then enumerates the relevant
particles and their properties (nucleon, electron, charge, mass, etc.). Next, one ligs the pairwise
interactions among the particles. Findly, one writes down the kinetic and potentia energy operators
and adds them to get the syslem Hamiltonian (an expression for the totd energy of the system).
With the Hamiltonian in hand, one then proceeds to derive the properties and behaviors of the
chemicd sysem in question.

But, as the usud story continues, this program is mathematicdly intractable. We can neither
write the fundamenta Hamiltonian down nor do we have the computational resources to carry the
program through (Dirac’ s complications). No worries, though, as there are a number of
gpproximation methods affording the congtruction of tractable, if inexact, Hamiltonians (e.g.,
associating dectronic states with a“fixed-nucleus’ Hamiltonian, or treating molecular vibrationsin




the smal oscillation limit). The gpproximeate equations derived from these procedures are then taken
to stand in for the unobtainable first principles equations. This story has been caled the “Proxy
defensg’ by Robin Hendry (1998). In the epistemic version of this story, the less fundamenta theory
is deducible from more fundamenta theory, while in the ontologica version, the less fundamenta
phenomena are deducible or derivable from the more fundamenta phenomena plus the fundamenta
laws.

In this essay, | want to demongtrate how molecular chemidry, in particular the festure of
molecular structure, challenges this usud reductionist story. However, | will aso point out how
molecular structure challenges a quite popular formulation of emergence aswall. | will end by
sketching an dternative way of reformulating such notions as reduction and emergence, rdating this
dternative account to the feature of molecular structure and defending it against some objections.

2. Challenging the Usual Story: Molecular Structure

Molecular structure or shape plays acrucid causd rolein chemidry. It dominates the interpretations
of the calculations and experiments of chemigts. More importantly, it has empiricd and practical
import. Differentiation of isotopes is based on molecular structure as well as the explanation for
properties like acidity. Molecular chirdity (handedness of molecules) led to disaster in thaidomide-
based trestments in the 1960s, because one species of handedness was harmful while the other was
beneficid. Molecular Sructure and chirdity are crucid for the explanation of opticd activity, where
particular materids, so-caled optica isomers, rotate plane-polarized light passing through them
(Walley 1976, p. 32). They areinvoked in typica descriptions and interpretations of single

biomol ecule spectroscopy (Weiss 1999) and in the nanomechanica properties of molecules
(Gimzewski and Joachim 1999; Smith et d. 1999). And they play acrucid role in understanding
DNA, various diseases and medications (e.g., DeCamp 1989; Avertisov et d. 1991). Furthermore,
molecular Sructure isimportant for chemicd and biologicd sdf-assembly (e.g., Lehn 2002;
Whitesides and Grzybowski 2002).

But there is a problem here because the “true’ molecular Hamiltonian at the leve of
guantum mechanics-could we actudly write it down—would not exhibit any features corresponding
to molecular structure and, hence, would provide no bags for distinguishing isotopes or describing
optical activity and other phenomena dependent on molecular structure. Furthermore, the full
molecular Schrédinger equation would have too many symmetries, e.g., nuclear permutation and
rotationa symmetries missng from read molecules. However, the explanation of such phenomena
are counted as great successes for the so-called molecular Sructure hypothess.

So it appears that we have successful structura explanations at the level of molecular
chemigtry but no firm quantum foundation! As Guy Woolley putsit, “ Systematic gpplication of
quantum mechanics to a molecule does not lead...to the usud, and undoubtably essentidly correct,
description of chemica phenomenathat is obtained from orthodox quantum chemistry” (Woolley
1976, p. 31). The usual story-the proxy defense-comes up short as the structural models used by
chemigs as well asthe empirica data do not represent solutions to any potentiad quantum
mechanica firgt principles equations. It appears that in order to handle molecular structure and its
implications, “new concepts which cannot be inferred from the underlying fundamentd laws [of
quantum mechanics] are required” (Woolley 1976, p. 32).

How does molecular structure arise in quantum chemistry? The concept of molecular
structure was firgt precisdy defined in 1927 through the Born-Oppenheimer “ approximation”



(1927). The basc ideaisto assume the nuclear massis very much larger than the electron mass,
then treat the nuclel asif they are (amogt) stationary with respect to eectronic motions.
Mathematicaly this corresponds to an asymptotic series expangon in powers of , = (electron
mass/nuclear mass)™ *, where , goesto zero as the nuclear massis alowed to become large with
respect to the eectron mass. In thislimit the correations among nuclel and dectrons aswell as
nuclear permutation and rotational symmetries are broken.!

The reason for the quotation marks around ‘ gpproximation’ above isthat the Born-
Oppenheimer “gpproximation” or procedure, is not Smply a mathematical expansion in seriesform,
where only termsto small order in , are kept. It literdly replaces the basic quantum description with
anew description generated by thelimit , 6 0. This replacement corresponds to a changein the
agebra of observables needed for the description of molecular phenomena—a change yielding
chirality (and other features of molecular Sructure) as a classica observable (e.g., Primas 1983, pp.
335-341; Amann 1993). The Born-Oppenheimer approach amounts to a changein topology—i.e. a
change in the mathematica eements modeling physica phenomena—as well as achangein
ontology—including fundamenta physica eements absent in quantum description; in the case of
molecular chemidry, the new ontologica dements are structures absent from quantum mechanics.

Now we can put the chalenge of molecular structure for reduction very succinctly: Neither
the topology nor the ontology appropriate to molecular structure can be derived from or found in
quantum mechanics done. Hence, an empiricaly and explanatorily important structure in molecular
chemidtry looks to be missing from quantum mechanics.

3. Challenging Typical Emer gence Accounts

The standard account of emergence fares no better, however. Often, emergent properties are
characterized as unpredictable in terms of a*more fundamenta” theory asin Jageowan Kim's
characterization of the standard version of property emergence (1999, pp. 19-22). Given the
gtuation in 82, molecular sructure indeed is not predictable from quantum mechanics, the more
fundamenta theory, done. However, it turns out that molecular structure is predictable. For
example, given the rdlevant e ements of quantum mechanics (electrons, nucleons, etc., their
associated dgebra of observables and laws) and the contingent context provided by the Born-
Oppenheimer procedure, i.e. the new topology and ontology associated with the limit , 6 0, one
can derive the emergent property of molecular structure (e.g., Primas 1998; Bishop and
Atmangpacher submitted). Although quantum mechanics does play a necessary rolein such a
derivation or “prediction” of the new emergent property, the conditions supplied by the contingent
context are crucid to the derivation.

Similarly, emergent properties often are characterized as unexplainable in terms of a“more
fundamenta” theory (see Kim 1999, pp. 19-22). Given quantum mechanics aone, molecular
dructure is unexplainable on covering-law, causa-mechanica and other traditiond forms of
explanation. That isto say, molecular sructure is unexplainable in terms of derivations from the
fundamenta governing equations of quantum mechanics. However, it aso turns out that molecular
gructure can be given an explanation. Again, given the relevant dements of quantum mechanics and

A similar, and dightly more accurate, result can be achieved in the “ adiabatic
gpproximation” in which the electrons are consgdered to move much faster than the nuclear frame of
amolecule.



the contingent context provided by the Born-Oppenhelmer procedure, one can give a quite rigorous
explanation of the appearance of molecular structure (e.g., Primas 1998; Bishop and Atmanspacher
submitted). As before, quantum mechanics does play a necessary role in such an explanation, but
the conditions supplied by the contingent context are crucia to the success of the explanation.

Other oft cited characterizations of emergent properties-such as that they arise a higher
levels out of properties and laws characterizing the entities and properties a alower levels or that
they have novel causa propertiesirreducible to the causal efficacy of lower-level properties—can be
andyzed with respect to molecular Sructure in asimilar fashion. This approach, only sketched
abstractly here, deploys a powerful tool known as asymptotic expansions (see Friedrichs 1955;
Dingle 1973; Berry 1994; Batterman 2002). In order to formulate such expansions, a reference
date, representing essentia features of the context, has to be specified in the origind State space of
the fundamentd or lower-leve theory. If the expanson is singular, asis the case for the Born-
Oppenheimer procedure, it is not uniformly convergent in the origind topology of the fundamenta
description as an appropriate parameter tends to some limit (e.g., as , 6 0). This discontinuous
limiting behavior indicates the need for a change of topology. The crucid sep, then, isto identify a
new topology which regularizes the expansion such that it converges uniformly. Thisleadsto anew
contextua topology of the state pace associated with nove properties not defined in the origind
dtate space under the origina topology, and which is associated with ontologica elements also not
found at the levd of the fundamentd or lower-levd theory.

It isworth emphasizing again that the new context, and its associated topology and ontology
are never given by the origind theory and its associated topology and ontology. Rather the new
context is dways a contingent matter; that isto say, it istailored to particular Stuations. Clearly,
featuresirrdevant in aparticular context may be highly rdlevant in ancther. It isdso worth pointing
out that, athough the approach outlined in this section provides a clear path for how the topologies
and ontologies of quantum mechanics on the one hand and those of molecular chemigry on the
other can be rdated in principle, Dirac’s mathematica complications ill remain as the derivationa
work necessary to patch the two domains together is mathematicdly difficult.

4. Re-conceiving Reduction and Emergence

So far | have argued that the relationship between quantum mechanics and molecular
chemigtry—principaly regarding how molecular structure arises-is not well characterized by ether
typica reductionist or emergentist accounts. Or put another way, in the light of current practicein
the physical sciences regarding quantum mechanics and molecular chemigtry, popular ways of
formulating reductionist and emergentist theses are ether false or highly mideading. This Situation
Suggests that re-concelving the categories such as reduction and emergence might be fruitful and,
taking cues from the practice of the physical sciences, | sketch the following dternative for the
relevant categories (compare with Bishop and Atmangpacher submitted):



Reduction “More fundamenta” properties/'descriptions provide NECESSARY
and SUFFICIENT conditions for “less fundamental”
properties/descriptions

Contextud Emergence “More fundamenta” properties/descriptions provide NECESSARY
but not sufficient conditions for “less fundamenta”
properties/descriptions

Supervenience “More fundamental” properties/descriptions provide SUFFICIENT
but not necessary conditions for “less fundamenta”
properties/descriptions

Strong Emergence “More fundamental” properties/descriptions provide NEITHER
necessary nor sufficient conditions for “less fundamenta”
properties/descriptions

With respect to this schema, the usud story regarding chemistry and physics would fal
under reduction. Here, the relevant set of necessary and sufficient conditions are the fundamental
particles of quantum mechanics, their properties and the quantum laws governing them. But, as|
have argued, this gpproach to characterizing the relaionship of molecular structure to quantum
mechanicsfals. On the other hand, the usud ways of characterizing property emergence sound very
much like the last category in the schema—radical or strong emergence-except for the condition that
emergent properties at some higher level arise out of the entities and properties a the lower levd. If
“arise out of” is congtrued in areductionist fashion (e.g., Kim 1999), then we are back to reduction.
On the other hand, if “arise out of” isto be taken as nonreductive, then it could be one of the other
three categories depending on the details of the account. As pointed out above, however, sandard
way of characterizing emergent propertiesis highly mideading in the case of molecular structure.
Rather, the relationship of quantum mechanics and molecular structure is best represented by the
category of contextud emergence: quantum mechanics provides necessary conditions (e.g., in the
form of dectrons, nucleons, strong- and weak- nuclear forces, etc.), but provides no sufficent
conditions (i.e., no molecular structures relating ectrons and nucleons, their motions, etc.) for
andyzing the relaionship between quantum mechanics and molecular Sructure. Y et, with the
gppropriate contingent context, necessary and sufficient conditions reating quantum mechanics and
molecular structure can be given, where the two domains overlgp nontrivialy.

There are, of course, other possible responses to the predicament represented in 882 and
3. One possihility isto smply St tight and wait for the “find theory” of some future perfect physics
tosort it dl out. Thisis often a stock reductionist reply when dl dsefals. But asde from
unwarranted fantases of a future perfect or complete physics, this merely begs the question by
hanging one' s hope on a metaphysicd intuition—about what a complete physics might mean
regarding reductionism—ather than on argument.

Another posshility isto seek out an dternative to quantum mechanics. For example, one
might turn to quantum field theory, but this has basicaly the same symmetry problems as quantum
mechanics with respect to molecular structure. Or one might turn to rigged Hilbert space quantum
mechanics (eg., Bohm 1978). This generdization of quantum mechanics has the topologica



resources (e.g., it is not saddled with just the Hilbert space topology), but it is an open question as
to whether it has the appropriate ontological resources.

Then there are what some might consider more radica possihilities like rgecting CoPe
and/or CoPo. This perhaps amounts to some kind of emergence view, epistemologica or
ontologica, and as such is consistent with contextual emergence. But it need not be too radica as,
based on our best physical theories, there is no reason to suspect, aside from hidden reductionist
metaphysica presuppositions and some misunderstandings of science, that physics should be
exhaudtive of the physica nor that physics should somehow be inert with respect to contexts set by
chemistry and biology, say.? And any downward causation that might arise from higher physical
levels (eg., chemistry) would certainly be consstent with the underlying physics on a contextua
emergence view, since the physcd laws forming part of the set of necessary and sufficient
conditions for the higher chemica levels come from physcsitself and are dways operative dbeit not
in the sense that such laws exhaudtively determine al eventsin a context-free manner.2

5. Some I nitial Objections

One might object that Nagdlian (Nagel 1961) and smilar forms of reduction are actually stronger
than reduction as conceptualized above. If the connectability condition read as an identity Statement,
then this might very well be the case because there is replacement of higher-level properties by
lower-leve ones rather than reduction. However, this reading of Nage's connectability condition
has been serioudy chdlenged (e.g., by multiple redizability) and currently there is no generd
agreement on an dternative reading (e.g., homic coexstensivity, or some form of contingent
condition). Other possibilities for the connectability condition offered by Nagd are (1961, p. 354):
(1) aset of logica connections, where the meaning of some term gppearing in the higher-level

theory (e.g., molecular structure) must be explicable in terms of the established meanings of
theoreticd primitivesin the lower-leve theory (e.g., ementary particles and their laws), or (2) the
connections are physical hypotheses, “assarting that the occurrence of the state of affairs signified by
acertan theoreticd expresson ‘B’ in [the lower-levd theory, quantum mechanics, say | isa
sufficient (or necessary and sufficient) condition for the Sate of affairs designated by ‘A’ [inthe
higher-leve theory, molecular Sructure, say].” It gppears, then, that the most one can make clear on
aNageian account with these dternative construas of the connectability condition isthat

lower-leve laws and properties provide necessary and sufficient conditions for the derivation of
higher-level propertiesin some form; that is to say, Nagelian accounts are properly forms of
reduction as characterized in &4.

It might also be objected that characterizing supervenience in terms of sufficient, but no
necessary conditionsis inadequate. A supervenience relation is generdly understood as one of
generd covariance; i.e., if some property Q supervenes on P, then thereis no changein Q without a
corresponding change in P. Such a covariance relation entails that P is sufficient for Q, but does not

2Furthermore, there are some good metaphysical reasons for rejecting either form of CoP
(Crook and Gillett 2000; Gillett 2002).

3The ideathat the laws of quantum mechanics should exhaugtively determine dl events,
particularly those at the quantum level, in a context-free manner is closely related to atomigtic
physicaism. See 85 below.



preclude that it may aso be necessary for Q aswell. However, if the covariance relation we are
trying to capture with the notion of supervenience requires necessary conditions aswell, thenitisno
different in kind from a case of reduction (Kim 1998, 1999). The key (non-reductive) intuition of
supervenience relies on sufficiency and mixing necessary and sufficient conditions for the covariance
relation looks more like a category mistake than an objection to the proposed scheme.

One might also object that contextual emergence violates one of the core principles of
aomigtic physicalism asidentified by, for example, Robert van Gulick: “The only law-like
regularities needed for the determination of macro features by micro features are those that govern
the interactions of those micro featuresin dl contexts, systematic or otherwise” (2001, pg. 18). |
take the force of such an objection would be that unless molecular structure is solely determined by
the condtituents and forces of quantum mechani cs-independent of context—an important
metaphysca principles (often supplying useful methodologica guidance), is violated. However, if
this principle of aomism isto be construed—as surdly it often is-as implying reduction, i.e., thet dl
properties and laws at the micro-leve provide jointly necessary and sufficient conditions for
determining macro features, then we have dready seen that the example of molecular structure does
not respect such a“metaphysica principle’ with regards to quantum mechanics. Whatever
contributions the laws and congtituents of quantum mechanics make to molecular structure are
conditional on contingent contexts. On the other hand, if the principle referred to by van Gulick is
read as being consigtent with the crucid role played by contingent contexts-.e., not in astrong
context-free way—then atomism would be cleaved from reduction. The thrust of this essay suggests
that the latter possibility is the only viable one for preserving some form of atomism consgtent with
molecular chemidtry.

Findly, one might object that the wrong lesson has been drawn from the example of
molecular structure. The need for sophigticated mathemeatics (e.g., asymptotic andysis) should not
be taken to imply anything about some kind of change in domain between quantum mechanics and
molecular chemigtry. Rather, it merdly indicates the current state of our theoretical and mathematica
knowledge and ahilities, implying nothing about reductionism as an ontologica thesis about the
relationship between the two domains. However, athough asymptotic andysisisindeed
sophiticated and complex, this objection misses out the crucid point of asymptotic reasoning and
the nature of the example in question. As noted above, molecular Sructure presupposes both a new
topology and new ontology that are not given by quantum mechanics, but which are determined by
the context (e.g., contingent symmetry-breaking features). It is definitely not the case that the
sophigticated mathematics deployed is somehow obscuring the metephysica issues. Rather, the
metaphysica issues and the practices of science are driving the sophigticated mathematicsin this
example.

6. Discussion

The argument in favor of the schemaof 84 in this essay isindirect in the sense that the example of
molecular Sructure s reationship to quantum mechanics suggests that some typicd ways people
view reduction and emergence do not fit well with an important example from the physical sciences.
Then, this example is used to support/illustrate the proposed schema. Although not done here, it
should be possible to map most dl accounts of reduction, supervenience and emergence into the
schema, which is one of its advantages. A second advantage isthat there are examplesin physica
science, such as molecular structure, that exhibit some features that somehow gppear to Sitin



between typica reduction and emergence accounts, and the category of contextual emergenceis
able to capture these cases*

The view | have sketched here differs from Nancy Cartwright’ s kind of patchwork view
utilized in her arguments regarding realism, causation and modeling (e.g., 1994 and 1999) insofar as
her view does not take into consideration the well-defined relations between different domains.
Contextual emergence, as sketched in this essay, presupposes just such well defined relations
among nontrivaly overlapoping domains (e.g., Primas 1998), which is one reason why it can form a
viable dternative to typical accounts of reductive or emergent relations between domains.

One direction for further development of the proposed schemaisto reateit to redization
relaions which have gained recent interest (e.g., Kim 1998, 1999; Crook and Gillett 2000; Gillett
2002). It would be quite illuminating to understand in more detail how the condtituentsin the
guantum domain can act as redizers for the molecular structures in the domain of molecular
chemigtry absent sufficient conditions for such redizationsin the former domain.
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