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INTRODUCTION
' PROGRESS in biology at the molecular level is be-

coming increasingly dependent on physical and
physicochemical techniques such as x-ray analysis,
radioactive tracers, chromatography, light scattering,
and spectroscopy. The purpose of this paper is to give
a broad review of the actual and potential contributions
of infrared spectroscopy to biology. Since several excel-
lent articles and papers have already been written giving
detailed accounts of the practical application of infrared
methods to selected problems in biology, detail is
avoided as much as possible in this presentation. In the
writer's opinion, infrared methods have not been suffi-

ciently exploited in the biological field and, since this
may well be because many biologists find it hard to
assess their value, it is hoped that a rather general dis-
cussion of the advantages and disadvantages of infrared
analysis will be of value to biologists.

The infrared region of the spectrum is conventionally
defined as extending from the limit of the visible (about
7500 A or 0.75 ii) to the present lower wavelength limit
of the microwave region (about 1000 @), but only a
relatively small range of these wavelengths is of much
interest to biologists, vis. , 2.5 to 15 p, . There are two
reasons for this: the first is that within these limits are
found the vast majority of spectra which throw any
light on molecular structure; the second is that this
region can be conveniently scanned and recorded in
about ten minutes by a commercially available instru-
ment with a rocksalt prism as the dispersing element.
The exclusion of infrared wavelengths beyond 15 p does
not seem so strange when expressed in frequency* rather
than wavelength units (i.e., 670 to 10 cm '), since the
majority of the fundamental vibration frequencies of
molecules which can be readily assigned to highly local-
ized motions of one or both of the atoms in a chemical
bond lies between 4000 cm—' (2.5 ii) and 600 cm '. The
limits of 670 and 4000 cm ' given in the foregoing are
set by the fact that beyond 670 cm ' absorption by the
rocksalt prism rapidly becomes complete, while above
4000 cm the dispersion is rather low. However, it is
becoming easy to replace prisms by gratings, and so
these limits need no longer be set by the experimental
technique. The first reason given is the dominant one,
~is. , most of the interesting absorption bands which can
be interpreted with certainty lie between 4000 and
600 cm '.

* The conventional frequency unit in infrared spectroscopy is
the wave number (cm '), which expresses the number of waves
in 1 cm.

The general interpretation of the infrared spectra of
molecules is very straightforward; even the detailed
interpretation is not dificult, provided the objective is,
for instance, the identification of a compound in a mix-
ture, or the establishment of the presence of a charac-
teristic chemical grouping in a molecule. But, to deter-
mine the configuration of a biological polymer such as a
protein is a difhcult and complex problem which re-
quires the same degree of expertise as that needed in
the x-ray analysis of protein structure.

GENERAL INTERPRETATION OF INFRARED
SPECTRA OF MOLECULES

The average polyatomic molecule of biological interest
has an absorption spectrum in the region between 600
and 4000 cm ' consisting of 20 to 30 discrete absorption
bands of which about 5 to 10 will usually be much more
intense than the remainder. This is because certain of
the modes of vibration of such a molecule cause a
periodic change in the dipole moment of the molecule.
Thus, radiation of the appropriate frequency incident
on the molecule can be absorbed and excite the corre-
sponding mode of vibration. Some bands are more in-
tense than others because the change in dipole moment
is greater for some of the modes of vibration. Theoreti-
cally, a polyatomic molecule (of n atoms) has an infinite
number of modes of vibration, all of which can be built
up from the 3n-6 fundamental modes of vibration. How-
ever, the change in dipole moment associated with over-
tone and combination frequencies is usually an order of
magnitude less than that associated with the funda-
mental modes, and in the region of the spectrum under
discussion the majority of the observed bands can be
assigned to fundamental modes.

How can these fundamental modes be vizualized?
Although, strictly speaking, each fundamental mode
involves some motion of every atom in the molecule
and would, therefore, seem to be hard to predict and
describe, it turns out that an appreciable fraction of the
fundamental modes of any molecule can be assigned to
easily vizualized vibrations of individual chemical bonds,
or of small structural units in the molecule. This is
especially true of the fundamental modes which are as-
sociated with the motions of hydrogen atoms. For in-
stance, any molecule containing an NH group will be
found to have a fundamental vibration near 3300 cm '
owing to the stretching and contraction of the NH bond
and two other fundamentals between 1600 and 600 cm '
in which the motion of the hydrogen atoms is almost
perpendicular to the NH bond. More generally, in the

18



I NF RARE D SPECTROSCOPY IN B IOLOGI CAL PROBLEMS 119

region between 3700 and 2500 cm—' are found funda-

mental modes owing to such "hydrogenic-stretching
frequencies" in the following order:

OH 3650—3150 cm ',

NH 3500—3150 cm—',

CH 3150—2850 cm '

SH 2650—2550 cm '

PH 2450—2300 cm '.

No other fundamental modes appear in this region of
the spectrum, and so identification of any of these bonds
in a compound is generally easy. There are occasional
limitations, e.g. , difhculty of distinguishing OH from

NH, and the weakness of the SH fundamental; these
are not discussed here.

The corresponding "hydrogenic deformation frequen-
cies" for OH, NH, and CH occur between 1650 and
600 cm ', but cannot be characterized so simply. More-
over, many other fundamental modes occur within this
range whose assignment and identification present spe-
cial problems. However, several groups (such as CH2
and CH3 and the peptide link) can readily be identified

by characteristic fundamentals of this type.
Before leaving the hydrogenic frequencies, mention

should be made of the ease with which hydrogen bond-
ing can be detected through its effect on these frequen-
cies. The stretching frequencies are lowered by a few
hundred cm ', and the corresponding absorption bands
become quite broad and diffuse. The deformation fre-
quencies are increased to a much smaller degree and
the broadening is not always so marked.

In the region between the hydrogenic-stretching and
hydrogenic-deformation frequencies ~vis. , 2300 to 1650
cm ') occur two other separable classes of fundamentals:
firstly, those owing to the stretching of triple bonds such
as C—=N and C—=C occurring between 2250 and 2100
cm—', and, secondly, those largely localized in the
stretching vibrations of double bonds such as C=O,
C=C, C=N. The latter start about 1800 cm ' and
overlap a little the high-frequency end of the hydrogenic-
deformation frequencies at 1650 cm '. This means that
it is occasionally dificult to decide whether a band
occurring between 1650 and 1500 cm ' is the result of
the stretching of a double bond or of the deformation
of a hydrogen atom. If the hydrogen atom can be sub-
stituted by deuterium, this uncertainty is often re-
solved, as a hydrogenic frequency will be reduced by
almost a factor of V2, whereas the double-bond fre-
quency will be unaffected. It should be added that oc-
casionally a hydrogenic-deformation frequency interacts
with a double-bond frequency, and the two funda-
mentals resulting can only be described as a super-
position of these two motions.

A very large number of the chemical bonds in any
polyatomic molecule are of the type C—C, C—0, C—N.
Such bonds do not give rise to localized fundamental

vibrations. The reason is that the masses of these atoms
are not very different, nor are the restoring forces be-
tween them. This means that their characteristic stretch-
ing frequencies (which can be observed in small mole-

cules such as ethane or methyl alcohol, where they occur
in isolation) are all about the same magnitude (approxi-
mately 900 to 1100 cm '). Consequently, in a poly-
atomic molecule, strong coupling occurs and the result-

ing fundamental modes involve simultaneous motions
of all of the bonds of this type in the molecule. Such
fundamentals are usually referred to as "skeletal modes"
and have a range between about 800 and 1250 cm '.
The pattern of these skeletal frequencies is often the
most characteristic physical property of a molecule. Two
hydrocarbons or two steroids, which may be very hard
to differentiate by chemical means or by other physical
properties (e.g. , refractive index or melting point), can
usually be recognized instantly by comparing their
infrared spectra between 700 and 1300 cm '.

APPLICATION TO BIOLOGICAL PROBLEMS

There are three principal ways in which infrared
spectroscopy can be of help in molecular biology, vis. :

(a) as an analytical tool, (b) as a means of establish-
ing the structural formula of a biologically important
compound, and (c) as a means of determining the spatial
configuration of biological polymers.

(a) Analysis

Infrared spectroscopy is now a well-established and
widely used analytical tool in any up-to-date biochemi-
cal laboratory. The principal advantage of infrared over
visible or ultraviolet spectroscopy is that the spectrum
is much richer, since it is the result of vibrations in every
part of the molecule. Spectra in the visible and ultra-
violet arise from the excitation of an electron in one part
of the molecule, usually in a double bond such as CO
group. In analytical work, one therefore has to be cer-
tain that this group is not present in any of the other
compounds in the mixture. On the other hand, infrared
methods will usually reveal every one of the compounds
in a mixture. The only serious disadvantage of infrared
analysis is that the use of water as a solvent is generally
impossible because of its intense absorption over a good
deal of the working range. This can frequently be over-
come either by the use of other solvents, or (in the case
of a solid) by making a pressed disk of the compound
ground very finely in an excess of KBr. One other point
should be mentioned, since it is frequently very impor-
tant in much biological work, vis. , the minimum quant-
ity which is necessary in order to make an identification.
It is impossible to give a precise figure here, because the
intrinsic intensity of absorption in the infrared varies
over such a wide range between compounds, and refer-
ence must be made to the literature on this ubject. As
a general guide, one may say that, by using specially
designed cells, it is possible to get a spectrum from about
a milligram of material, but that, by using a reflecting
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microscope attachment, this limit can be reduced to
below one microgram.

(b) Structural Formulas

One of the earliest applications of infrared spectros-
copy to the structure of a biologically important mole-
cule occurred in the case of penicillin. Here, the chemists
were unable to agree on which of the three possible
formulas was the correct one. Although x-ray analysis
gave the first and most unequivocal proof that the P-
lactam formula was the correct one, infrared methods
gave an independent proof and demonstrated that no
structural changes took place in going from the solid
state (required for x-ray work) into solution, in which
penicillin is known to be a rather labile molecule. This
work depended on differences in the type and in the
environment of the double bonds in the three possible
structures. By investigating the spectra of model com-
pounds containing double bonds of various types in
appropriate environments, a decision could finally be
made in favor of the lactam structure.

The biological molecules which have been most ex-
tensively investigated by this method are the steroids.
In such compounds, it is now possible to answer quite a
variety of important structural questions concerning the
position of CO, OH, CH2, and C=C groups. On the
other hand, it is still not possible to recognize the class
of steroids by any common feature running through all
of their spectra, although certain closely related groups
of steroids do show common features. We find the op-
posite extreme in the proteins which, as a class, are
easily recognized and differentiated from nucleic acids
and lipids, but show remarkably little variation among
one another. The reason is that the spectrum of any
protein is dominated by several intense bands arising
from the identical peptide links. Only in the few cases
where two or three of the constituent amino acids are
in great excess is it possible to identify individual amino-
acid residues (e.g. , glycine and alanine in silk).

The general line of attack is to compare the spectrum
of the compound whose structure is unknown with the
spectra of compounds of known structure containing
groups of atoms identical with and in a similar environ-
ment to those suspected of occurring in the unknown.
Extensive collections of infrared spectra have now been
compiled by various laboratories and organizations, and
the comparisons can be made relatively rapidly by vari-
ous mechanized sorting devices. At first, it is usually
advisable to call in an experienced spectroscopist for
final confirmation, but any laboratory which takes up
infrared analysis in a particular chemical field is not
long in developing its own expert. The logic behind the
whole process is not unlike that behind the chemical
attack on the same problem. The chemist identifies
certain groups in an unknown structure by their reactive
properties, and he degrades the molecules into simpler
ones which he can identify from their well-known chemi-
cal or physical properties. The spectroscopist identifies

individual chemical bonds in an unknown structure from
their known spectroscopic earmarks and tries to supple-
ment this by identifying groups or constituent units in
a structure (e.g. , peptide link, benzene ring) in a similar

way. The most efhcient approach is, of course, to com-
bine the two methods.

(c) Determination of Spatial Configuration of
Biological Polymers

In order to understand many key biological phenom-
ena, such as the mode of action of genes, protein syn-
thesis, or the production of antibodies, at the molecular
level, it will be necessary to establish in detail the molec-
ular configuration of proteins and nucleic acids. This
must be done by physical methods, of which the most
successful so far has been x-ray analysis. However, in

spite of the intensive eBorts of several groups of very
able workers in various countries over the past twenty
years, the spatial configuration of any globular protein
is still unknown. While it is true that one now seems to
be very close to this goal in the case of myoglobin, the
extension of the methods used for that protein to other
proteins presents formidable problems. At present, infra-
red analysis seems to be the second most powerful phys-
ical method. Although it has not yielded such precise re-
sults, it has often given independent confirmation of the
main features of a structure. More important is the fact
that it can often give a lead at any early stage, either in
laying down certain conditions, which the correct model
structure must fulfill, or in ruling out certain models
which might appear to fit a preliminary analysis of the
x-ray data. Just as the x-ray method requires the poly-
mers to be arranged in an orderly pattern (preferably
in a single crystal), so the infrared method can be more
precise the closer the arrangement of the polymers ap-
proaches that found in a single crystal. This is because
the infrared method is based on observing the dichroism
associated with key absorption bands when the spec-
trum is obtained using polarized radiation.

An oversimplified example will make this clearer. In
the infrared spectrum of deoxyribonucleic acid is an
absorption band which can be assigned to vibrations
localized in the planes of the purine and pyrimidine
bases. In the Watson-Crick model of DNA, these bases
are nearly perpendicular to the axis of the double helix.
If a highly oriented specimen of DNA is prepared in
which the axes of the helices are roughly parallel to the
direction of orientation, then this absorption band is
very intense when the incident infrared radiation is
polarized with the electric vector perpendicular to the
direction of orientation, and very weak when the direc-
tion of polarization is rotated through a right angle
(Fig. 1).This gives a general confirmation of one aspect
of the Watson-Crick model. If it were possible to produce
a single crystal of DNA of suitable dimensions in which
all of the bases were parallel to each other, then the
dichroism would become perfect (i.e., no absorption for
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gen. For each of these proteins, seven diferent struc-
tures were tested, and it was possible to reject all but
one or two of the model structures in most cases.

It must be emphasized that this method of attack
depends on certain assumptions which may not always
be correct. These assumptions are as follows:

(1) The direction of change of electric moment
(associated with a particular absorption band) bears the
same relation to the repeat unit of the polymer as that
determined from infrared studies on single crystals of
small molecules which contain the repeat unit; (2) the
spatial distribution of the polymer chains has a certain
degree of symmetry; (3) the specimen studied consists
of one structural species.

The first assumption is necessary, because it is found
from work on single crystals of small molecules contain-
ing a peptide link that the change of dipole moment in a
bond stretching fundamental vibration (e.g., NH or
CO) is not exactly along the bond in question, but may
make an angle of as much as 20' with it. Thus, the direc-
tions of these bonds (and consequently the molecular
configuration) cannot be determined unless the corre-
sponding angles are known for a peptide link in a pro-
tein. Up to the present, single crystals of only two
different molecules have been investigated. The angles
in these two crystals did not dier by more than five
degrees. However, more work on single crystals of a few
other molecules is required in order to estimate accu-
rately the degree of uncertainty arising from this as-
sumption. The second assumption can be shown to be a
reasonable one if the sample is prepared in a certain
way. At first sight, the third assumption seems reason-
able and is made by the x-ray analysts. The reason for
doubting it is that the structure of many of the infrared
bands of proteins is complex. Whether this arises from
the presence of two diGerent configurations, or from
differences in frequency between a paracrystalline and
less-ordered arrangements of the polymer molecules,
cannot easily be determined. In simple synthetic poly-
mers, such as polyethylene, differences in frequency are
found between crystalline and amorphous forms of the
polymer. Structure can also occur in the absorption
band of a single crystal because of interaction between
neighboring molecules.

It appeared at one time that infrared analysis might
be able to distinguish between various configurations
of a protein molecule (specifically between the n-helix
and the fully extended form of the polypeptide chain),
even when the polypeptide chains were not arranged in
any ordered pattern. This method depended on a change
in the frequency of the CO absorption band in synthetic
polypeptides which could be prepared in either of these
two forms by precipitation from the appropriate sol-
vent. However, there are so many possible reasons for
a small change in the frequency of an absorption band
that the application of any such rule to proteins (even
on an empirical basis) leads to serious difficulties and

inconsistencies. Until the reasons for these changes are
well understood from the study of simpler model com-
pounds, it seems very unwise to use them as a guide to
protein structure.

The general situation with the infrared analysis of
protein structure is similar to that which existed at an
earlier stage in the x-ray analysis of the same problem.
Before the interatomic distances in the peptide link were
established by careful work on small molecules, it was
impossible to establish the correctness of any protein
structure by x-ray methods. One could only say that
such and such a structure was generally consistent with
the difI'raction pattern. Now that these distances are
known and that single crystals of proteins can be pre-
pared containing a heavy atom, it is becoming feasible
to locate the individual atoms. Similarly, before the
infrared method can become precise, more work is re-
quired on single crystals of simple compounds contain-
ing the peptide link and on the experimental problems
of obtaining satisfactory spectra from single crystals
of proteins.
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