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Chemists call the activity by which they produce
claims about the structures of molecules structure
determination or elucidation.

The “Instrumental Revolution:” term coined by the
chemist-historians Dean Stanley Tarbell and Ann
Tracy Tarbell in 1986.
A transitional period in structural chemistry lasting
roughly from the 1940s through the 1960s, with
epicenter in USA.
Techniques such as NMR, mass spectrometry, IR
and UV spectroscopy displaced the chemical
reaction as the principal source of evidence for
structure.





The new techniques
permitted a massive
increase in productivity as
well as new information
on molecular structure
and dynamics
Wet chemical skills in
structural chemistry were
replaced by machine
operation skills

Historians on the Instrumental
“Revolution”


Historians disagree on whether and in what sense
this transformation was a genuine scientific
revolution.

—Morris, P. J. T. (Ed.), From classical to modern chemistry: the
Instrumental Revolution (pp. 171-187). Cambridge: Royal Society
of Chemistry in association with the Science Museum, London and
the Chemical Heritage Foundation.
—Reinhardt, C. (2006). Shifting and rearranging. Sagamore
Beach: Science History Publications/USA.





The general models of
scientific revolution
(Kuhn, Hacking, I. B.
Cohen) that have
dominated the discussion
single out changes in
theories, concepts,
cultural practices and
institutions, but are silent
on how scientific practice
is altered by the specific
characteristics of
machines.
Kuhn’s analogy with
political revolutions
seems to be off the mark
here.

The Industrial Revolution and the Instrumental
Revolution








At least since the Industrial Revolution, machines have
tended to be used to replace human labor, which can
have significant effects on the organization, and
potential for technical progress, of the labor processes
to which they are applied.
Suggestion: Why not take the Industrial Revolution as
model?
The upshot of the Instrumental Revolution was a sharp
increase in the rate of development of laboratory tools
and techniques.
This increase is partially explained by the specific
characteristics of machines, in particular by the fact
that they concentrate scientific and technological
advances in the instrument of labor.
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Structure Determination Before the
Instrumental Revolution




After the acceptance of chemical structure theory in
the late 19th c., structure determination became one
of the major activities of chemistry.

Chemists developed chemical tests to detect the
presence of functional groups, and deduced the
carbon skeleton by subjecting the molecule to
degradative reaction conditions that would break it
into fragments that were easier to identify.

Structure Determination Before the
Instrumental Revolution






The classical era of structure determination stretched
from the 1860s to the 1950s.
The determination of complex structures using chemical
“wet” methods was extremely time-consuming, often
taking decades.
Example: Strychnine was isolated in 1815 but its
structure was not established until 1948. 245 papers
contributed by research groups in five countries.
Slater (2001). “Woodward, Robinson, and
Strychnine: Chemical Structure and
Chemists’ Challenge.” Ambix, 48(3), 161-189.





Classical structure determination was heavily
dependent on the performance of manual work by the
chemist.
It was also conservative in its methods:


“The chemistry that I learned in school and at university in the
1950s was essentially nineteenth-century … To someone with
my training, the history of chemistry in its golden age … was
accessible. It was no surprise that Jacob Berzelius [1779-1848]
should have written a whole book about using the blowpipe, or
Michael Faraday [1791-1867] a stout volume on Chemical
Manipulation [1827] (still full of useful tips to my generation, on
weighing, getting ground-glass stoppers out of bottles, and
distilling); or that William Ramsay [1852-1916] prided himself
on his glassblowing … Physicists might look upon them as
upgraded cooks; but chemists knew that they had learned a
craft the hard way. They did not work with black boxes but with
the transparency of glassware.”


D. Knight (2002). “Then … and Now.” In P. J. T. Morris
(Ed.), From classical to modern chemistry: The
Instrumental Revolution (pp. 87-94).

Structure Determination After the
Instrumental Revolution





In contrast with these “19th century” methods, the
Instrumental Revolution ushered in new techniques
based on physics, especially quantum mechanics.
The new techniques resulted in the acceleration and
routinization of structure determination. Ex.:
strychnine solved by X-ray diffraction in 6 years
(1950).





Example: NMR spectrometer—used to study molecules with
magnetic nuclei (e.g., proteins, small organic molecules)
At the core of the instrument is a superconducting magnet, into
which the probe containing the sample is inserted. Most of the
apparatus is controlled by the pulse programmer. The human
operator types instructions at the computer. The whole process
can be automated.

1.

2.

3.

4.

5.

Introduction: Models of scientific change and the
“Instrumental Revolution” in chemistry
Structure determination before and after the
Instrumental Revolution
Parallels between the Industrial Revolution and the
Instrumental Revolution
Impact of the Instrumental Revolution on scientific
research
Concluding remarks on the relationship between the
history of science and the history of technology

The Industrial Revolution and the Instrumental
Revolution


What grounds are there for thinking the Instrumental
Revolution bears any interesting relation to the
Industrial Revolution?
The two events share several common features with
respect to how their respective labor processes were
altered.

The Industrial Revolution and the Instrumental
Revolution: Common Features


Eight structural similarities between the two events


I.

Inspired by Marxian analyses of the Industrial Revolution, e.g.
Rosenberg (1981)

In the labor process, means and methods borrowed
from an antecedently existing activity are
transformed. The process acquires means and
methods specifically adapted to its purpose.




During the Industrial Revolution, capitalists transformed the
production processes they had inherited from the medieval
handicrafts to fit the requirements of capitalist accumulation.
Analogously, classical structure determination found its means
ready-made in the chemical reaction. Main disadvantage: the
structure is destroyed in the process. Spectroscopy turned out
to be much better suited because it is structure-preserving.

The Industrial Revolution and the Instrumental
Revolution: Common Features
II.

The labor process becomes centered around an
instrument rather than the worker.


III.

Research becomes more capital-intensive.


IV.

Structure determination is now essentially based on machines. The average
user types in standardized instructions at the computer rather than deploying
chemical skills of substance manipulation and transformation.

Typical cost of a high resolution NMR spectrometer in 1965: $346,911 in 2015
dollars. The total approximate investment in instrumentation by all American
university chemistry departments rose from $5 million before 1954 to $36
million for the period 1960-1964 alone (1965 dollars).

The worker is not a specialist of the instrument.


As Reinhardt and others have emphasized, methods developers had to create
cognitive methods so that chemists could interpret the data produced by the
instruments without needing a thorough understanding of how they worked.

N. B. Colthup (American Cyanamid, 1950). “Spectra-Structure Correlations in the
Infra-Red Region.”

The Industrial Revolution and the Instrumental
Revolution: Common Features
V.

The machine operates with a high degree of
automaticity, reducing the extent of human
intervention.
V.

VI.

Carl Djerassi, 1992: “X-ray diffraction [is] the equivalent of a flash camera …
When applicable, this ‘flash camera’ has thus eliminated the function of the
chemist interested in structure elucidation, who is reduced to growing the
crystal and pushing the camera’s button.”

Skilled labor is replaced by (relatively) unskilled labor.


The training times required to learn how to use the machines
for structure determination are disproportionately short,
compared either to the amount of knowledge embodied in
them, or to the amount of time required to train a competent
bench chemist.

“In 15 minutes, any
operator can learn to
run Varian’s new T60 … operation in
the automatic mode
merely requires
pushing a selector
button and adjusting
an amplitude control.
After that, in routine
analysis, you can get
50-100 spectra
daily.”

The Industrial Revolution and the Instrumental
Revolution: Common Features

VII.

Human limitations are circumvented by advances in
instrumentation design.


James Shoolery (Varian Associates), 1995: The introduction of programmable
computers into NMR spectrometers in the late 1960s allowed a control of the
instrument with “a speed and precision far beyond the capability of a human
operator. Freed from those limitations, the development of NMR as a structural
and analytical tool soon entered an exciting new period.”

The Industrial Revolution and the Instrumental
Revolution: Common Features
The transformation is motivated in terms of
productivity norms—the speed, ease, simplicity,
reliability and automaticity of the new techniques.

VIII.









Paul Klopsteg (Science, 1945) on “Increasing the Productivity
of Research” in order to increase the “output of valuable
results per dollar.” Cited by Ralph Mueller in influential column
on instrumentation in analytical chemistry.
Concerns about values represented by new techniques:
Robert Robinson: the time saved by the new techniques was
illusory, for they revealed no chemical properties
Worries over pedagogical consequences: the methods saved
time at the expense of properly “chemical” training.
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Was the Instrumental Revolution a Scientific
Revolution?
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Suggestion: The introduction of machines was
revolutionary in that it paved the way for greater
methodological dynamism in chemistry.

‘methodologically dynamic:’ methods of structure
determination subject to continual improvement and
diversification as a result of
discoveries in the underlying physics
advances in the instrumentation
advances in experimental methods
the development of data analysis techniques.
Improvements frequently depended on borrowing
techniques and technology from other fields.



Evidence for dynamism (NMR):
1.

2.

3.

4.

5.



Proliferation of reviews in the late 20th c. covering progress in
NMR methodology
Increasing ramification and specialization of publications in
NMR since the initial discovery in 1946
An average of 50 research articles involving NMR were
published per year between 1946 and 1953, in contrast to
6600 per year by 1967
2700 articles, where NMR key words featured prominently,
were published in 1967, 4500 in 1971, and 5000 in 1978.
Increasing size of NMR academic research community: 440%
increase from 1957 to 1967, 28% increase from 1967 to
1977.
Versus 100% increase in chemistry overall from 1957 to 1967,
and 9% from 1967 to 1977.
—Jonas & Gutowsky (1980). “NMR in chemistry—an evergreen.”
Annual Review of Physical Chemistry, 31, 1-27

Was the Instrumental Revolution a Scientific
Revolution?


Discoveries in the underlying physics:










1945: NMR phenomenon
1949-1953: chemical shifts, spin-spin coupling, relaxation
times, exchange effects, spin echoes, nuclear quadrupolar
resonance
1953: Overhauser effect
1957: 13C NMR effect observed
1959: vicinal coupling constant dependence on dihedral angle
1961: spin-rotation interaction relaxation mechanism
1965: contact shifts
Mid-1970s on: product operator formalism used to predict
behavior of spin systems
Emsley & Feeney (1995). “Milestones in the first fifty years of NMR.” Progress in
Nuclear Magnetic Spectroscopy, 28, 1-9.



Advances in instrumentation

















1946: Continuous wave single coil
1952: First commercial high-resolution NMR spectrometer (30
MHz)
1961: First commercial 60 MHz field/frequency locked NMR
spectrometer
1961: First superconducting magnet NMR spectrometer (220
MHz). 1960s: superconducting magnets supercede
electromagnets and permanent magnets in NMR.
1964: First use of computers in NMR spectroscopy. Signal
digitized.
1965: development of fast Fourier transform techniques
1969: First commercial FT NMR spectrometer (90 MHz),
1969: Computer controlled pulse programmers
1970: First commercial spectrometer integrating
superconducting magnet (270 MHz), dedicated computer, and
FT technique.
1980: 500 MHz superconducting spectrometer

Was the Instrumental Revolution a Scientific
Revolution?



Advances in instrumentation



1987: 600 MHz superconducting spectrometer
1992: 750 MHz spectrometers



Advances in experimental methods
















1953-1958: Sample spinning for resolution improvement, field
gradient shimming, magnetic flux stabilization, spindecoupling, variable temperature operation
1957: field/frequency locking to improve stability
1962: Indirect detection of nuclei using heteronuclear double
resonance
1964: Spectrum accumulation for signal averaging (borrowed
from biology)
1965: Nuclear Overhauser enhancements used in
conformational studies
1966: pulsed Fourier transform techniques introduced into
NMR, replacing the continuous-wave technique. Borrowed
from infrared spectroscopy.
1967: Liquid crystal solvents used
1968: Magic angle spinning for high resolution NMR studies of
solids
1969: Lanthanide paramagnetic shift reagents



Advances in experimental methods cont.



















1970-1975: 13C studies at natural abundance become routine
1969: Lanthanide paramagnetic shift reagents
1970-1975: 13C studies at natural abundance become routine
1971: T1 relaxation measurements in FT mode
1971: 2D NMR concept suggested
1975: 2D NMR techniques developed, exploiting improved data
storage, computing power, and software
1975 on: flourishing of pulse sequence experiments
1979: detection of insensitive nuclei enhanced by polarization
transfer (INEPT)
1979: detection of heteronuclear multiple quantum coherence
(HMQC)
1988: 2D NMR combined with isotopically labelled proteins for
full assignments
1989: 3D NMR on isotopically labelled proteins (made possible
by advances in data storage and processing time)
1990: 4D NMR on isotopically labelled proteins
Early 1990s: development of microprobes

Was the Instrumental Revolution a Scientific
Revolution?


Advances in data analysis techniques







1957: analysis of second-order spectra
1957: NMR spectrum shown to be Fourier transform of Free
Induction Decay
1982: full assignments for small protein
1983: First 3D structure of protein from NMR data
1983: Maximum entropy methods imported from geophysics
and radioastronomy to improve the analysis of incomplete NMR
data sets.

Was the Instrumental Revolution a Scientific
Revolution?


Evidence for dynamism (NMR):


The phenomenon of nuclear magnetic resonances in bulk
materials discovered 1946. By the 1980s, the complete carbon
skeleton of a molecule could be established in a single
experiment, and the NMR technique could be applied to vastly
more complex problems, like protein structure, than at its
inception.

Was the Instrumental Revolution a Scientific
Revolution?




What about other instrumental methods?
Need more comparative data
 Is NMR the exception?
 What was rate of progress like in areas of chemistry
not so heavily dependent on instruments (e.g.,
synthesis)?

—National Academy of Science
and National Research Council.
(1965). Chemistry:
Opportunities and Needs.
Washington, DC: National
Academy of Sciences.



“Similar [to NMR] detailed histories of developments
could be presented for many other types of
instruments. For example, the elucidation of molecular
structures by X-ray diffraction studies of single crystals
has been revolutionized by instrumental developments
during the past 10 years. The two most important
improvements, which have made the transformation
possible, are high-speed digital computers and
automatic-recording X-ray spectrometers. A large
organic-molecular structure (with perhaps 30 major
atoms) presently requires only three to nine hours of
computing time on an IBM 7094 … and a month of
automatic recording of X-ray intensities … Ten years
ago, the structure might possibly have been
determined by X-rays, but with a considerably lower
probability of success, and would have required three
years or more.”

Was the Instrumental Revolution a Scientific
Revolution?


Data on pace of methods development before
Instrumental Revolution not easy to come by.
Tentatively:





Methods development largely confined to development of
chemical reactions and adjuncts to the chemist’s work (e.g.,
faster balances, different stirring appliances, more robust
glassware)
Transfer of technology from other fields relatively minor
Tarbell & Tarbell (1986): “the laboratory techniques and
equipment available for research in organic chemistry did not
change strikingly from 1875 to 1930.”
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Concluding Remarks






The use of machinery in the place of humans allows
certain possibilities developed within science to be
applied to labor processes.
E.g., mechanization during the Industrial Revolution: “Although …
the manufacturing system [based on handicraft labor] achieved a
growth of productivity through the exploitation of a new and more
extensive division of labor, a rigid ceiling to the growth of
productivity continued to be imposed by limitations of human
strength, speed and accuracy … Science … cannot be incorporated
into technologies dominated by large-scale human interventions
… The decisive step, then, was the development of a machine
technology which was not heavily dependent upon human skills or
volitions, where the productive process was broken down into a
series of separately analyzable steps … When this stage has been
reached … technology becomes, for the first time, capable of
indefinite improvement.”
—N. Rosenberg (1981). “Marx as a Student of Technology.”

Concluding Remarks


What are the characteristics of technologies which
make it possible to apply scientific knowledge to
enhance the productivity of science itself?






E.g., person-centered vs machine-based techniques

The growth of science, by itself, is not a sufficient
condition for the growth of its own productivity. The
technology in use must be such that new scientific
ideas and knowledge can be applied to it.
In contrast to the view that such periods of rapid
technical or methodological progress are simply due to
human ingenuity in coming up with creative ideas that
open up a lot of new possibilities.

Concluding Remarks


The characteristics of the instruments of scientific
labor, and the structure of the scientific labor process
more generally, impose constraints on the application
of science and technology to science.
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