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started to process the most important
journals from that decade, which were
identified through citation analyses of
the recently published 1955-1964 SC/.
We expect to finish the 1945-1954 SC/
by 1988; it will enable us to check the
postwar citation histories of classics such
as the seminal 1944 Avery-MacLeod-

McCarty report on the chemical nature
of DNA, which is mentioned in the
paper reprinted below. We can then
begin completing the citation record for
the first 45 years of the twentieth cen-
tury. As every scholar knows, good
references never die—it’s our memory

of them that fades away. ©198615)
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History of Citation Indexes for Chemistry: A Brief Review
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The Science Citation Index® (SCI” ) was the first comprehensive citation index
for chemistry. But its use in chemistry was not obvious, even though the SC/
covers every important journal of chemistry. However, citation-based searching
bypasses dependence on chemical nomenclature. Finding applications of syn-
thetic methods and physical-chemical equations is simplified. These are fields
where use of traditional indexing is difficult. An extension of citation indexing,
co-citation clustering, is now also used for automatic hierarchical classification
and mapping of literature. The value of citation indexes to the historian of
chemistry will continue to increase as SC/ coverage is extended back to include

the pre-1955 literature.

This year marks the 25th anniversary of the
Journal of Chemical Information and Com-
puter Sciences. Appropriately, the journal’s
name has changed since it was founded in
1961 as the Journal of Chemical Documenta-
tion. When I contributed a paper to the first
issue,!-2 the field seemed to be moving quite
slowly. In retrospect, it was difficult to imag-
ine how rapidly problems would be solved
that then seemed insolvable.

Over the past 25 years the scope of the
journal has broadened as the field of chemi-

cal documentation has advanced. This ex-
plains why the journal's title was changed in
1975 to reflect the growth of the information
and computer sciences. Of the many ad-
vances made in chemical information retriev-
al over the past 25 years, I have been asked to
review the history of citation indexes for
chemistry.

It is sometimes difficult to discuss prob-
lems that are specific to chemical informa-
tion because they cannot really be separated
from the broader problems of scientific infor-
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mation. Modern chemistry is unavoidably
multidisciplinary. Chemical Abstracts (CA),
which calls itself a chemical information ser-
vice, is used in medicine, engineering, and
other disciplines, as well as in chemistry. It
can be argued that the first multidisciplinary

Science Citation Index® (SCI®), which
covered the literature of 1961, was the first
comprehensive citation index for chemical
information.

The history of chemical documentation
has always been schizoid. We know that
chemical information is inherently multidis-
ciplinary in its application, but it also has its
peculiar problems. I discussed this extensive-
ly, earlier.3 But there are certain types of in-
formation that are specific to chemistry, such
as the structure and composition of mole-
cules. These retrieval problems generally are
not solved by standard indexing methods.
This in part explains the existence of Current
Abstracts of Chemistry and Index Chemicus®
(CAC&IC®) and its progenitor Index Chemi-
cus® (IC®).

Indexing documents to facilitate their re-
trieval has always been the primary objective
of citation indexes. During the formative
years of the SCI, it was stated repeatedly that
retrieval by citation indexing would over-
come some of the inherent limitations of
then-existing methods of retrieving chemical
information. I had worked briefly in physical
chemistry, so I was particularly conscious of
retrieval problems that were not solved easily
by searching CA. For example, how do you
find all of the papers that mentioned one of
Hammett's equations in Physical Organic
Chemistry??

This question was quite reasonable in the
early days of physical organic chemistry.
Nevertheless, it was very difficult todosucha
search without scanning every article. The
problem epitomizes the information needs of
workers in a newly developing field. Once the
volume of literature on any particular subject
gets large enough, traditional indexing sys-
tems may be helpful. But in the formative pe-
riod, when ideas are not expressed precisely,
even an informal nomenclature to which one
can attach an idea may not exist. Citations
symbolize the early expression of those for-
mative ideas. Each new use of a paper is im-
portant to the inventor of that idea.5 Of
course, not all ideas we express in papers are
supported by formal citations. But when they
are, it is easier to find out who has written
about them through citation indexes.5

My first experiment with indexing chemis-
try was with patents. I reported on this early

experiment in the Journal of the Patent Office
Society.” It is most unfortunate that propos-
als for a Patent Citation Index were ignored.

A significant boost to citation indexing
came in the late 1950s from the Genetics Cita-
tion Index8 project. Many scientists were al-
ready aware of the broad biochemical signifi-
cance of the emerging field of molecular ge-
netics. Molecular biology was a new field,
and some of the most important papers were
reported in the Reviews of Modern Physics.
Our advisory committee members included
Joshua Lederberg, Sol Spiegelman, Gordon
Allen, and L. Cavalli-Sforza. They decided
that only a complete, multidisciplinary input
could guarantee that everything important in
general and molecular genetics would be
picked up.

The result was the 1961 SCI. It covered
“only” 613 journals, but these included most
of the important Western chemistry journals.
When the SCI for 1955-1964 was created re-
cently,? only about 50 chemistry journals
needed to be added to its coverage. Many of
these were Soviet and Japanese journals. On-
ly six were significant, pure chemistry titles,
such as the Bulletin of the Chemical Society
of Japan and Zhurnal Obshchei Khimii. In
confirmation of this important expression of
my Law of Concentration,'0 when we started
IC, most of the new compounds and reactions
were found by scanning only about 100 jour-
nals. (I commented on this in an essay in Cur-
rent Contents® (CC®) in 1969 )1

While the work on the putative SCI was
taking place between 1958 and 1961, IC also
was being planned. It was initiated in 1960 as
a current-awareness service for chemists and
in particular as an up-to-date molecular-for-
mula index. We were aware of the peculiar
problem of chemical substructure analysis
and retrieval. But we did not think that cita-
tion indexes would help solve such problems
directly. We always thought that the SCI
would “merely” complement the use of mo-
lecular-formula indexes or other indexes or-
ganized by line notation or nomenclature. It
was much later that we began to realize the
implications of citation indexing even for
such structural retrieval problems. And more
recently, we have demonstrated the hierar-
chical capabilities of co-citation clustering.

We correctly thought that chemists would
be needed to do the kind of indexing done in
CAC&IC to this day. We also believed that
the first step in a literature search would be to
use its progenitor, /C. You would first find
the most relevant compound and the paperin
which it was reported. The second step would
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be to look up its applications in the SC/. We
thought that chemical classification was be-
yond the power of citation indexing. That is
simply because we never attempted to define
the term properly.

Another common myth about chemical in-
formation retrieval was that only humans
could translate chemical names or nomencla-
ture into structural diagrams or molecular
formulas. Since then, it has been demonstrat-
ed that computers can use the linguistic prop-
erties of nomenclature to generate structural
diagrams. We can now use the connectivity
tables implied by a name to generate graphics
for visual displays in /C Online. This is now
available from the French database vendor,
Telesystémes, which uses Questel and DARC
software systems to handle bibliographic and
structural data, respectively.!2

On numerous occasions during the evolu-
tion of the SCI, we stressed to synthetic
chemists that the SCI could help them find
chemical information. Using the primordial
or key reference for a reaction, you can find
subsequent uses for it reported in the litera-
ture. For example. a chemist can use the pri-
mordial reference for the now classical
Eschenmoser hydrolysis!? to find the papers
that have used the method. These papers may
list additional uses or modifications of the
process. Most chemists will agree that if you
are going to use a particular reaction, it is
helpful to know about other people’s experi-
ences with it.

So it is not surprising that the SCI has been
widely used in chemistry, but its application
has been limited because chemists do not
adequately identify with it. Among biochem-
ists, the SCI has been more popular because
of its close connection to the life sciences and
medicine where the SCI/ has been adopted
universally. For these reasons we have
created a separate Chemistry Citation In-
dex™ (CCI™). This file will be made avail-
able online and, if appropriate, also in
printed form,

The next stage in the evolution of citation
indexing was the development of co-citation
analysis as a classification system. The basic
assumption of citation indexing is that a
unique, highly specific group of papers is
formed when they cite one particular article
or book. From this assumption it ought to be
simple to perceive that the citation of two pa-
pers provides an even more unique grouping.
Two papers are frequently cited together, or
co-cited, because the citing authors have es-
tablished an important connection between
those two papers. By using pairs of papers,
citing authors themselves help categorize the

current literature into more specific research
topics.

By procedures described elsewhere, we
use single-link clustering to form clusters of
co-cited papers. Together with the papers
that cite them, research fronts are identified.
The fronts are named by examining the fre-
quency-ranked list of key words and phrases
used in the titles of the citing papers.14 Once
co-citation analysis became a well-under-
stood mechanism for classifying literature,
we realized that we had added a new dimen-
sion to information retrieval. We had created
a system for identifying the emerging scientif-
ic research fronts.

At one point, we were going to issue an A¢-
las of Science,'S which simply provided the
bibliographic information for several thou-
sand research fronts, as well as a series of co-
citation maps. This bibliography of the core
papers of science was to have been a supple-
ment to the SCI. I decided to hold back on
publishing this primordial atlas. It would
have been a new and useful kind of “thesau-
rus” of current research topics. But I felt we
needed to make another quantum leap. We
needed to make the transition from biblio-
graphism to encyclopedism. We would do
this by including “minireviews” in the atlas.
Each minireview would require 750 words or
less. It would include all of the key ideas asso-
ciated with the core papers. It would include
a discussion of the relevant current literature
for each research front covered in the atlas.
The current citing literature would be ranked
by relevance, that is, by the number of core
papers it cited.

Once we created the first minireviews for
the atlas, I knew we had the makings of a
large-scale encyclopedia service. After we
completed a few minireviews in synthetic or-
ganic chemistry, I also realized that we might
have a system for emulating Friedrich Beil-
stein’s Handbook of Organic Chemistry.'® By
this 1 mean that co-citation clustering had
permitted us to develop increasingly hier-
archical classes of chemical information
based on the two quantitative criteria used in
the clustering procedure—citation threshold
and co-citation strength.

Another important step in putting together
the Atlas of Science was the identification
and naming of 10,000 or more new research
fronts each year. It took much time and effort
to learn how to do this efficiently. The first
use of these research fronts was made in
the online systems called IS//BIOMED® |17
151/GeoSciTech™ 18 and  ISI/Compu-
Math® 19 These ISI online and print products
cover the literature of biological sciences,
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Figure 1: Hierarchies in clustering. The vast literature of chromatography is illustrated in this hierarchic
listing of topics and research fronts. Subtended under the general classification of chromatographic
methods of analysis (C4) will be found a series of lower, more specific levels (C3). These include high-
pressure liquid chromatography (HPLC) analysis of biomolecules, kinetic aspects of gas chromatography
(GC), and analytical applications of capillary GC. Within each of these broader categories are further sub-
divisions (C2), such as retention and other column properties in HPLC and analysis of plant tissue com-
pounds by HPLC, to name two. Within each C2-level cluster will be found the C1 research fronts; for ex-
ample, under C2 retention and other column properties in HPLC are the C1 research fronts 0809, 3095,
3096, 3492,7378, 8400, 8503, 9079, and 9148. Full names for the Cl1 research fronts are listed below the
figure.
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geosciences, and mathematical and comput-
er sciences, respectively. For each file we
created a separate thesaurus of research
fronts, by creating separate subdivisions of
the SCI. While each of these files contains
biochemistry, geochemistry, and computa-
tional chemistry information, the literature
of organic chemistry was not covered exten-
sively. We subsequently created a separate
more detailed Biochemistry Citation Index™
and then more recently the CC/.

Since that time, we have learned not only
how to identify research fronts through clus-
tering but also how to create hierarchical
clusters that more closely mimic what chem-
ists do when they classify compounds and re-
actions. For example, we start the clustering
process by identifying all highly cited papers
and the documents that cite them. We then
identify those highly cited papers that are co-
cited. A citation threshold is set, and eventu-
ally, thousands of research fronts are identi-
fied. Each front is associated with two or
more core papers. We then cluster these re-
search fronts in much the same way to form
about one-sixth as many subspecialty re-
search areas. These areas then are clustered
again to identify about 500 subdisciplines of
science. By creating these “clusters of clus-
ters” we are moving up the hierarchical scale
from the more specific to the more generic.!
Figure 1 gives examples of each level of
clustering.

These research fronts will be updated con-
tinuously. Research fronts change rapidly in
many cases. Each year there are new and/or
emerging fronts. The stability of established
research fronts depends on the rate of change
of the core papers. As the core literature
changes, we have to decide whether or not
there is a need to change the name of the
front. We also have to determine if it has split
into several fronts, merged with other fronts,
or been eliminated.

As stated earlier, we decided to create
minireviews for each research front we iden-
tified. It remains to be seen how these reviews
compare with traditional review articles. In
1981 we published a prototype of the compre-
hensive encyclopedic IS! Atlas of Science®
envisioned so long ago. The ISI Atlas of
Science: Biochemistry and Molecular Biolo-
gy, 1978780 consists of 102 chapters that
cover distinct subspecialties or research
fronts. Each chapter includes a minireview, a
cluster map, a bibliography of the core
papers for 1978, and a bibliography of the
current citing papers.!> In early 1985, we
published a second prototype IS Arlas of
Science: Biotechnology and Molecular Ge-

netics, Itincludes the core literature for 1981
and the citing literature for 1981-1984.20

An encyclopedia of any kind is an ambi-
tious undertaking, but clearly, a continuously
current and updated encyclopedia, online
and in print, is the only way to deal with the
dynamic requirements of modern chemistry.
Our initial plan is to create at least 5,000 mini-
reviews each year for as many research fronts
in all branches of science. A large percentage
of these will be in chemistry. We also contem-
plate a series of volumes such as the Atlas of
Chromatography, Atlas of Organic Chemis-
try, and so on. As each series of volumes is
prepared, we will gradually fill in the gaps for
the previous years by using the database we
have developed covering more than 30 years
of literature.

The implications of these files for the study
of the history of chemistry are already being
felt. I think chemists will readily appreciate
the use of co-citation analysis for writing the
history of chemistry.

By completing the SC/ for the 20th cen-
tury, our eventual goal at ISI, we will help
historians resolve many controversies. I am
particularly eager to finish the SCI for
1945-1954 so that we can determine who cited
the 1944 classic paper?! by Avery, MacLeod,
and McCarty, the key historical progenitor to
the Watson-Crick paper. It will also be inter-
esting to observe how quickly Watson and
Crick’s 1953 paper?? on the structure of DNA
was cited. We now know that in 1955 it was
cited over 28 times. We recently published
the SCI for 1955-1964 and have already start-
ed work on the postwar period.

Another way in which citation indexes
have helped in historiographic research is
through our Citation Classics® series.23 To
date, we have published over 2,000 commen-
taries by authors of classic papers. Included
in these are hundreds of papers from all types
of chemistry journals. This will be expanded
significantly over the next several years. The
commentaries we receive from the authors of
these classics provide a special kind of per-
sonal autobiography, of which there is too lit-
tle in the literature. Recently, we published a
commentary by Linus C. Pauling on his 1939
book The Nature of the Chemical Bond.2%

We hope that Citation Classics will help
young chemists realize that there is more to
science than what they learn from the most
visible scientists. Science is built on the con-
tributions of thousands of creative individu-
als, as Ortega y Gasset suggested in The Re-
volt of the Masses?>—not merely an elite
group of highly visible or highly cited per-
sons.
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