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The determination of the conformations of cyclie
polypeptides and depsipeptides in solution has recently
been the subject of a number of experimental studies in
this and other laboratories, principally by nmr, optical
spectroscopy (ORD and CD), and X-ray diffrac-
tion.T1—20 The motivation of these investigations
stems not only from the challenge provided by the
multitude of possible conformations of these relatively
complex molecules, but also because many of them pos-
sess biological activity, as, for example, hormones, anti-
biotics, ionophores (z.e., substances capable of complex-
ing and transporting ions), toxins, and antidotes. It is
reasonable to suppose that there is a very close relation-
ship between their biological activity and their solution
conformations, and that the latter may not necessarily
correspond to the conformations determined by X-ray
diffraction.

Efforts have been made to establish the conforma-
tions of some eyclic polypeptides by potential energy
calculations alone, without reference to spectral data or
at most using experimentally suggested structures as a
starting point. (See the review of Scheraga® and refer-
ences contained therein.) Several conformational
structures have been suggested for gramicidin 8, a
eyclic decapeptide.t—7:21=%  These in general are in at

1~Val-1-Orn-1-Leu-p-Phe-1-Pro
=

1-Pro-p-Phe-1~-Leu-1~Orn-1-Val

least partial disagreement with each other and with the
nmr findings.'” For example, the conformation pro-
posed by Momany, et al.,® on the basis of ab initic
caleulations without any reference to experimental
results (other structures proposed by this group?*® are
energy-minimization refinements of previously sug-
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gested structures) predicts some -N-C,~ dihedral
angles (see below) which are not compatible with nmr

1 References to the publications of this laboratory are given at ap-
propriate points later in this Account; references to other work are
grouped below as follows: gramicidin A, ref 1-7; antamanide (Na+
complex), ref 8; oxytocin, ref 9~11; wvalinomycin, ref 12-15; non-
actin, ref 16, 17; enniatin B, ref 18, 19; ferrichromes, ref 20; actino-
myein D, ref 21-24; cyclic sarcosine peptides, ref 25, 26; cyclo-
(pentaGly-L-Tyr), ref 27, 28; cyclo(Gly-Cys-Gly-Gly-Pro)s, ref 29.
For recent general reviews of the structure and function of cyclic
polypeptides, see: M. M. Shemyakin, Yu. A. Ovchinnikov, and V. T.
Ivanov, Angew. Chem., Int. Ed. Engl., 8, 492 (1969); C. H. Hassall
and W. A. Thomas, Chem. Brit.,, 7, 145 (1971); D. W. Urry and M.
Ohnishi in “‘Spectroscopic Approaches to Biomolecular Conforma-
tion,” D. W. Urry, Ed., American Medical Association, Chicago,
Il1., 1970. This last includes data on polymyxins E; and B, verna-
mycin Be, and patricin A.
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measurements and does not predict the intramolecular
hydrogen bonds strongly indicated by nmr-monitored
peptide NH exchange studies.!” All such proposals
are, however, consistent with the C; symmetry of the
X-ray?® structure suggested by the repeating sequence
of the amino acid residues.

For more complex polypeptides, which in general
lack any element of symmetry, ab initio energy caleula-
tions are virtually impossible because of the enormously
large number of possible conformations. Scme experi-
mental information is necessary to reduce these to a
manageable number. Infrared and electronic spectral
data (CD and ORD) can be useful, but nmr is by far the
most powerful method at present available for such
studies because of the large number of spectral param-
eters it provides. This information is very rich but in
general cannot in itself be completely and unambigu-
ously interpreted in terms of conformation, as we shall
see in later discussion. It has been found, however,
that by judiciously combining nmr with energy calcula-
tions self-consistent structures (or groups of structures)
can be arrived at. (The possibility of doing this has
been discussed by Gibbons, et al.?") This is achieved
by eliminating from consideration all conformations
having one or more residues in a conformation which
does not correspond to the observed J coupling of the
«-CH and NH backbone protons (see below) or to a low
conformational energy. Approximate potential energy
estimates are made using the general procedures de-
seribed in ref 30 and 38 and using standard van der
Waals, dispersion, torsional, and electrostatic interac-
tions.

In this Account, we describe how this is done and
illustrate some of the results.

cyclo-(Pro-Ser-Gly-Pro-Ser-Gly) and
cyclo-(Ser-Pro-Gly-Ser-Pro-Gly)

We begin with two cyclic hexapeptides which are
sufficiently simple that some of their conformations can
be deduced from nmr directly. These compounds il-
lustrate well the typical features of the nmr spectra of

27) K. D. Kopple, M. Ohnishi, and A. Go., J. Amer. Chem. Soc.,
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Figure 1. Spectrum (220 MHz) of cyclo-(Pro-Ser-Gly-Pro-Ser-
Gly) in D:O and (upper left) in H,O-CH;DOOH, 98:2 (v/v);
22°, The H;O solution is made acidic to retard exchange of NH
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eyclic polypeptides and turn out to exhibit some sur-
prising conformational behavior; the conclusions drawn
by nmr are fully supported by energy calculations.®®
In Figure 1 are shown the spectra of cyclo-(Pro-Ser-Gly-
Pro-Ser-Gly), abbreviated ¢-(PSG);, in D0 and (inset)
in HyO.# The principal parameter provided by nmr is
the value of the vicinal J coupling, Jx., of the « proton
and the NH proton in each amino acid residue; this
provides a measure of the rotation angle ¢ about the
-N-C,~ bond* 42 if the dependence of the coupling
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and E. R. Blout, bid., 94, 609 (1972).
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upon this angle is known or can be reasonably assumed.
A simple Karplus relation*®-4* seems to be the most rea-
sonable, with coefficients adjusted for the electronega-
tivity of the substituents (eq 1). More elaborate

T = {8.5 cos? o' (0° < ¢’ < 90°) } )
Ne ™ 09.5 cos? ¢’ (90° < ¢’ < 180°)

relationships give essentially the same result.®:4 Jy,
is given most readily by the spacing of NH resonances
(in H;0), appearing as a ‘“triplet” for the glycine resi-
dues and as a doublet for the serine residues. Proline
residues, having no NH, do not give a resonance in this
position, but this is not important as in this case ¢ is
fixed at ca. 120° by the pyrrolidine ring.¢

()

In D,0, the NH protons are exchanged for deuterium
and this coupling cannot be measured, but the a-proton
spectrum is now simpler to analyze. The assignments
of the glycine and serine « protons are shown in Figure
1; the former appear as an AB quartet in the asym-
metric environment of the serine and proline residues;
the latter is effectively a triplet, although actually the
X part of an ABX system. The proline ring protons
give a complex spectrum, the assignments being based
on extensive previous study. 4%

In dimethyl-ds sulfoxide (DMSO-ds) the spectrum
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Figure 2. Temperature dependence of the Gly and Ser NH
protons of cyclo-(Pro-Ser-Gly-Pro-Ser-Gly) in DMSO-dg; 22°
(see ref 40).

(not shown) of ¢-(PSG); is essentially similar to Figure
1; in this solvent the NH protons are not exchanged and
appear in the same relative positions as in Figure 1 (in-
set). In both H;O and DMSO-d; the temperature
dependence of the chemical shifts of the NH protons
gives information concerning their participation in
hydrogen bonds. Upfield shifts of the resonances of
protons capable of forming hydrogen bonds are usually
attributed to the breaking of an increasing fraction of
such bonds with increasing temperature. This depen-
dence should be small for intramolecular hydrogen bonds
but substantial for those capable of forming only external
hydrogen bonds to the solvent. In Figure 2, the gly-
cine and serine NH peak positions are plotted vs. tem-
perature. The results strongly suggest that the gly-
cine peptide protons participate in internal hydrogen
bonds whereas those of the serine residues are exter-
nally hydrogen bonded; the relatively greater deshield-
ing of the latter probably reflects principally the strong
hydrogen-bond-acceptor properties of DMSO.

The observation of a single spectrum for each pair of
like residues in ¢-(PSG), demonstrates C, symmetry.
The evidence for glycine NH hydrogen bonding, to-
gether with the values of Jy, for the glycine (ca. 4.0
and 5.0 Hz) and serine (8.5 Hz) residues, is compatible
only with the conformations shown in Figure 3 in both
water and DMSO. In these structures, all peptide
bonds are trans and the glycine and serine residues are
in somewhat distorted antiparallel S-type conforma-
tions. That designated @8r has glycine angles appro-
priate for an L-residue 8 structure, while in the 8p con-
formation the glycine residues have angles appropriate
to a p-residue 8 structure. Calculations?®® show these
conformations to be of nearly equal energy, while the
middle-range values of Jy, for both the glycine protons
indicate an averaging of these couplings corresponding
to rapid equilibration of the two forms. The two hy-
drogen bonds stabilizing this form involve glycine C=0
and NH groups only.

The 8p = Br conformations of ¢-(PSG), are the prin-
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Figure 3. The 8p and 81 conformations of cyclo- (Pro-Ser-Gly-
Pro-Ser-Gly). Angles: allw = 0°; 8n! ¥pro = 290°; (o, ¥)ser =
240°, 210°; (¢, ¥)ary = 340°, 180°. Br: ¥rro = 280°; (o, Y)ger =
240°, 210°; (o, ¥)aty = 20°, 350°.

cipal but not the only ones present. The peptide pro-
ton spectrum (Figure 1, inset) shows minor resonances
appearing as equal patrs of glycine NH triplets and ser-
ine NH doublets. (Related resonances can be seen
upon close inspection of the «-CH region, e.g., near
7 5.5). Variation of temperature and solvent does not
alter the relative intensities of these resonances, but
does alter somewhat their ratio to the principal spec-
trum. They therefore correspond to an asymmetric
conformation, designated CT, with one proline residue
now cis and the other trans (see ref 42), in equilibrium
with the major symmetric conformation. Their tem-
perature dependence is consistent with one intramolec-
ular glycine NH hydrogen bond, the other glycine and
both serine NH protons being exposed to solvent. A
proposed structure for this conformation is shown in
Figure 4. It can be separately observed because of the
ca. 24-keal barrier to rotation about the Gly-Pro pep-
tide bond between cis and trans conformations,®
Its observation is particularly significant because it tells
us that structures which appear to have C: (or higher)
symmetry from the structural formula alone need not
actually have such symmetry.

The isomeric hexapeptide cyclo-(Ser-Pro-Gly-Ser-
Pro-Gly), designated ¢-(SPG),, shows different confor-
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Figure 4. The CT conformation of cyclo-(Pro-Ser-Gly-Pro-Ser-
Gly). Angles: Gly (NH H-bonded): « = 180°; all other w =
0°.

mational behavior from ¢-(PSG).. In H,O, the nmr
spectrum indicates a conformation similar to the g

Ser

Figure 5. The Bur and Q¢ conformations of cyclo-(Ser-Pro-
Gly-Ser-Pro~-Gly). Angles for grr: all w = 0°; (¢, ¥)ger = 30°,
330°; Pro ¢ = 300°; (¢, ¥)e1y = 290°, 150°. Angles for Qc:
(Q"r 2 w)Sér = 250) 3250) 1800; (Hb) w>PF0 = 30001 00; (‘P: ¥, w)Gly
= 240¢,90°, 0°.
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Figure 6. The 220-MHz nmr spectrum of the NH protons of
cyclo-(Ser-Pro-Gly-Ser-Pro-Gly): (a) in H,0-CH,COOH, 98:2
(v/v); (b, ¢, and d) in DMSO-d;: H,O-CH;COOH (98:2); (e)
in DMSO-ds. In (a) through (e), the mole fraction of DMSO-ds
is 0.0, 0.5, 0.7, 0.8, and 1.0. Each spectrum is the result of 15-30
accumulated CAT scans (see ref 52).

structure of the latter.’? The 8p structure is excluded
as its energy is substantially higher. The serine and
glyeine residues have now reversed roles, the serine NH
being internally hydrogen bonded, as shown by its
small temperature dependence (Figure 7), whereas the
glycine NH protons are exposed to solvent. This con-
former is designated Brr (Figure 5). A minor fraction
of another symmetrical conformer can be detected in the
spectrum, When the compound is examined in DMSO-
ds solution it is found that this becomes the major con-
formation. Figure 6 shows the appearance of the NH
spectrum as a function of solvent composition. The
NH temperature dependence demonstrates that this
second form has no internal hydrogen bonds (Figure 7);
this observation and the Jy, values are consistent with
a conformation, designated Qg, in which both proline
residues are cis (Figure 5). It is strongly folded rather
than planar like Brr; the reason for its presence may be
the formation of external serine NH hydrogen bonds to
the DMSO, but no such simple explanation is very
satisfactory in view of the fact that the symmetric and
asymmetric conformers of ¢-(PSG); have about the
same ratio in both DMSO and H,O. In any event,
energy calculations are at present unable to deal with

(52) D. A, Torchia, 8. C. K. Wong, C. M. Deber, and E. R. Blout,
J. Amer. Chem. Soc., 94, 616 (1972).
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Figure 7. The temperature dependence of the chemical shifts
of the NH resonances of cyclo-(Ser-Pro-Gly-Ser-Pro-Gly) in
(a) HyO-CH,COOH, 98:2 (v/v); (b)in DMSO-d; (see ref 52).

solvent interactions, and so even when dramatic changes
such as those of ¢-(SPQG); occur, the most that can be
concluded is that both the Srr and the Q¢ conformations
represent low-energy forms.%®

cyclo-(Gly-Gly-D-Ala-D-Ala-Gly-Gly)

The structure of this hexapeptide seems at first sight
to be simpler than that of the hexapeptides just con-
sidered, but the spectrum is in fact more complex be-
cause of the lack of symmetry. In addition, the ab-

2 1 2
p-Ala-Gly-Gl
=
p-Ala-Gly-Gly
1 4 3

sence of proline or any bulky side chains suggests that
there will be a substantial number of low-energy confor-
mations between which equilibration will be rapid.
One expects (and observes) separate spectra for each
of the six residues, the interpretation of which is made
somewhat ambiguous by the fact that each represents
an average over several conformations, and also by the
difficulty of specifically assigning each residue to its
place in the sequence. Nevertheless, it is of particular
interest to interpret the spectrum of this polypeptide
in terms of its solution conformation because its con-
formation in the crystal is known.?® Calculation®
shows that the latter has a very high intramolecular
energy, which, however, is more than counterbalanced
by the presence of nine external hydrogen bonds to

(563) I.L. Karle, J. W. Gibson, and J. Karle, ¢bid., 92, 3755 (1970).
(54) A. E.Tonelli and A. I. Brewster, J. Amer. Chem. Soc., in press.
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Figure 8. The 220-MHz spectrum of antamanide in dioxane
(5% w/v; 23°). The lines below the spectrum connect multi-
plets shown by double resonance to be coupled (see ref 56 and
D. J. Patel, unpublished observations.)

three H,O molecules of crystallization (per peptide
molecule), one intermolecular NH- - -O=C hydrogen
bond, and two Gly-Gly, intramolecular hydrogen
bonds. There are 25 low-energy solution conforma-
tlons consistent with the observed values of J,, all of
which have energies about 15 = 1 kcal less than that of
the crystal conformation. Eight of these are calculated
to have one (NH)giy, ' (0==C)a1, hydrogen bond.
It is observed that, while all the glycine residues ex-
change peptide NH protons rapidly, one of them has a
temperature coefficient of chemical shift about one-
third as great as the others. This may be Glys. It
appears that no single conformation describes this
hexapeptide in solution, but rather that it is, within
definable limits, a flexible molecule.

Antamanide

The all-L decapeptide antamanide was isolated from
the mushroom Amanita phalloides by Wieland, et al%
Tt acts as an antidote for the toxins amanitin and phal-
loidin (see below) secreted by this species. The amino
acid sequence is

8 9 10 1 2
Pro-Phe-Phe-Val-Pro
l = 1
Pro-Phe-Phe-Ala-Pro
7 6 5 4 3

(55) T. Wieland, G. Ltiben, H. Ottenheim, J. Faesel, J. X.
deVries, W. Konz, A. Prox, and J. Schmid, Angew. Chem., 80, 209
(1968).
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The Pro; and

The conformation of antamanide.
Proy residues project to the rear and are largely obscured. Angles:
@Proz =™ @Proy = 1020; ¢Proz = ‘l/Prov = 3100; $YProy = PProg —
1220; YPros = YProg = 1250; (% ‘L)Pheg = (‘P; ‘p)AIM = 900, 1200;
(9”: ‘ﬁ)Phem = (% W)Phes = 900; 3300} (‘P: ‘J/)Vah = 900; 2700;
(¢, ¥)pnes = 90°, 300°.

Figure 9.

Although most biologically active polypeptides contain
at least one proline (or hydroxyproline) residue, the
proportion of this residue, as well as that of phenyl-
alanine, in antamanide is probably unique.

In Figure 8 is shown the spectrum of antamanide in
dioxane.®® We do not propose to discuss it in detail
but show it as illustrative of the spectra of the more
complex polypeptides which lack symmetry. The
main parameters sought here are the values of Jy,, each
assigned if possible to a specific residue in the sequence.
An essential procedure is the association of the NH
resonances (at » 1.5-3.0) with their corresponding « pro-
tons, (r 5.0-6.2) and the association of these with the
side-chain 8 protons at higher field, and so on. This is
done by double resonance. The irradiation of an «-CH
multiplet causes the associated NH doublet to collapse
to a singlet; the assignment may be confirmed by
reversing the procedure and observing the resulting
perturbation of the « region of the spectrum. This
operation is then extended to the 8, v, ete., protons of
the side chain. The lines in Figure 8 conneet multiplets
corresponding to coupled groups of spins. From the
form of the -CH and side-chain multiplets the residues
can be assigned by type but not to specific sequence
position. All the Jy, had relatively large values of
6.0-8.5 Hz; 137 all-trans cyclic conformatijons were
generated which were consistent with this information.
Of these, one was conspicuously lower in energy than
the rest, and is shown in Figure 9. This structure has
no internal hydrogen bonds.

Antamanide is known to complex Na*t quite
strongly®?" (stability constant ca. 2500), more strongly
in fact than K, behavior which is unique among iono-
phoric polypeptides and depsipeptides. Ivanov, et
al.,® have suggested a folding of the structure to form a
cavity in which six carbonyl groups can bond strongly

(56) A. E. Tonelli, D. J. Patel, M. Goodman, F. Naider, H. Faul-
stich, and T. Wieland, Biochemdsiry, 10, 3211 (1971).

(57) T. Wieland, H. Faulstich, W, Burgermeister, W. Otting, W.

Mohle, M. M. Shemyakin, Yu. A. Ovchinnikov, V. T. Ivanov, and
G. G. Malenkov, FEBS (Fed. Eur. Biochem. Soc.) Lett., 9, 89 (1970).
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Figure 10. The conformation of cyclolinopeptide A. Angles:
all o = 0% (¢, ¥lore, = 102°, 310°; (¢, ¢)rrey = 122°, 125°%;
(@, ¥)rnes = 90°, 330°; (¢, ¥)enes = 100°, 270°; (o, ¥)Leus =
9007 00; (‘P: ’1[’)1166 = 900: 1200: (‘P& 51/)1157 = 900) 1200} (‘P; ‘11/)143“8
= 90°, 330°; (¢, ¥)vais = 100°, 310°,

to Na*. This appears, however, to be a very high
energy conformation (probably at least 50 keal above
that of the uncomplexed molecule) and implies an
improbably high energy of interaction of the carbonyl
groups with the cation. The sodium complex is cur-
rently under study in this laboratory.

Cyclolinopeptide A

The nonapeptide designated cyclolinopeptide A was
synthesized with the object of imitating the action of
antamanide and learning the structural requirements of
this action.® It has the sequence

1 2 3 4 5
Pro-Pro-Phe-Phe-Leu
—

=
Val- Leu- Ile- Ile
9 8 7 6

It thus resembles antamanide in size and in having a
Pro-Pro-Phe-Phe sequence, but it is not at present known
whether it has antidote activity. Because it has fewer
like residues than antamanide, it is possible to assign
the resonances and therefore the values of Jx, for each
residue (other than Pro) by correlation of nmr observa-
tions and calculated conformational restrictions.59:%

The conclusion drawn from this study is that cyclo-
linopeptide A probably exists in four closely related
conformations, the relative populations of which change
with solvent and temperature. This conclusion ap-
pears to be consistent with CD measurements.’* The
predominant conformer is believed to be that shown in
Figure 10. In this structure there are no internal
hydrogen bonds. Substantial positive temperature
coefficients are observed for the chemical shifts of all
the peptide NH resonances except that of Phe;, which is
exceptional in showing a negative slope. The calcu-
lated structures (including that in Figure 10) have the

(68) A. Prox and F. Weygand, Peptides, Proc. Eur. Symp., 8th,
1958 (1966).

(59) A, I. Brewster and F. A. Bovey, Proc. Nat. Acad. Sci. U. 8.,
68, 1199 (1971).

(60) A. E. Tonelli, 1b%d., 68, 1203 (1971).

(61) F, Naider, E. Benedetti, and M. Goodman, dbid., 68, 1195
(1971).

CoNFoRMATIONS OF CycLic PoLYPEPTIDES 199

Figure 11. The conformation of phalloidin. Angles: all & =
0°; (@, Yats = 100°, 120°; (o, Y)mrp = 60°, 120°; (o, ¥ )1eulom
= 110°, 0% (¢, ¥)am = 100°, 330°; (¢, ¢)mmrtom = 270°, 30°;
(e ¥oys = 100°,300°; (¢, Y)myp = 122°, 125°.

NH of Phe; buried in the interior of the highly hindered
structure. It becomes more buried as the temperature
is raised, 7.e., as the populations of the higher energy
structures are increased. This NH also exhibits slower
deuterium exchange than the others.

Phalloidin

As we have seen, phalloidin is one of the toxins of the
mushroom Amanita phalloides (amanitin has a similar
structure). It was isolated by Lynen and Wieland®?
and its covalent structure was shown by T. Wieland®3 84
to be

CH,OH
Ala Trp Leu(OH)
CHQ—CH-—-CONH-—(IJH—CONH—CH——CHz—C——CHS
CH, ‘
NH | (iJO OH
co S N NH
(I:Hz H l Ala
1 CHCH;,
N—CO—CH |
H (Ijo
OH NHCO—-C|H——NH
Hyp Cys CHOH Thr
CH;
All the residues are L except threonine. It is excep-

tional among the structures reported here in being
bicyclic. The 220-MHz spectrum shows the same
general pattern as that of the other complex polypep-
tides discussed.®® By suitable minor variation of sol-
vent, all six NH resonances can be discriminated and
values of Jy, measured. Two features of the spec-
trum deserve mention: (a) the tryptophan peptide NH
shows a markedly smaller rate of deuterium exchange,
which is fast for the rest; (b) one of the two alanine
methyl groups is strongly shielded, by ca. 0.8 ppm,
compared to the cther and to the normal alanine methyl
group in peptides. Energy calculations® appropriate
to this bieyclic structure provide a very plausible ex-

(62) F. Lynen and U, Wieland, Justus Liebige Ann. Chem., 533,
93 (1938).

(63) T. Wieland, Pure Appl. Sci., 6, 339 (1963).

(64) T. Wieland, Science, 159, 946 (1968).

(65) D. J. Patel, A. E, Tonelli, P. Pfaender, H. Faulstich, and T.
Wieland, J. Mol. Biol., in press.
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planation for both of these observations. The lowest
energy structure (Figure 11), as well as six others of
very similar conformation and only slightly higher cal-
culated energy, all show the tryptophan NH to be
internally buried and the methyl group of the alanine
residue marked Alag in Figure 11 to be in the shielding
region of the tryptophan ring. It appears that phal-
loidin is a relatively rigid molecule in solution.

Conclusion

A number of other cyclic polypeptides are currently
under study in our laboratory in collaboration with
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other groups. Complete conformational structures
are not yet available for these molecules, which include
the neurohypophyseal hormones oxytoein® % and lysine-
vasopressin®#% and related precursors and partial
structures.

(66) V. J. Hruby, A. I. Brewster, and J. A, Glasel, Proc. Nat.
Acad. Sct. U. S., 68, 450 (1971).

(67) A. I Brewster, J. A. Glasel, and V. J. Hruby, 7bid., in press,

(68) P. H. Von Dreele, A. I. Brewster, H. A. Scheraga, M. F.
Ferger, and V. du Vigneaud, 4bid., 68, 1028 (1971).

(69) P.H. Van Dreele, A. I. Brewster, F. A, Bovey, H. A. Scheraga,
M. F. Ferger, and V. du Vigneaud, tbid., 68, 3088 (1971).

Chemical Applications of Optical Pumping
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The chemist is a guest at the physicist’s table, and he
frequently dines well, viz., X-rays, nuclear magnetism,
induced emission, recoilless ~-rays,.... The optical
pumping phenomenon, that is, the orientation of
atomic electronic spins through the use of circularly
polarized light, may, by analogy, also be interesting to
chemists: optical pumping is a method for studying a
special class of free radicals. Free radicals have been
studied by an array of techniques, e.g., their catalysis
of the conversion of ortho- to para-hydrogen (1920’s),
removal of a metallic mirror (1930’s), and electron spin
resonance. The latter method is so powerful that one
may wonder what else could possibly be added. The
answer is that esr is of limited sensitivity. For ex-
ample, chemically induced nuclear spin polarization is
one way of measuring the effects of radicals which live
for only 10~° sec. By optical pumping the hyperfine
structure of special radicals can be measured with
greater precision and the radical ean be detected at
much lower concentrations than with esr.

Optical pumpers (scientists who optically pump)
measure two types of properties—those of the excited
states of atoms and molecules inferred from their flu-
orescence, and the properties of the ground state. We
want to concentrate here on the generation, stability,
and usefulness of a ground-state ensemble of spin-ori-
ented atoms. A gas-phase atom is characterized by a
total angular momentum J, the sum of the electronic
orbital and spin angular moments and a quantized com-
ponent, J,. The spin angular momentum is in general
reoriented only by magnetic fields, but the orbital an-

Richard Bersohn was trained as o theorist at Harvard University
(Ph.D., 1950). His interest in optical pumping was first generated by
spending part of a sabbatical leave from Cornell at the laboratories of
Professors Brossel and Kastler in Paris. His identical twin brother,
Malcolm Bersohn, is also a chemistry professor (at Toronto),

gular momentum is easily reoriented by the electric
fields which act during a collision. To prevent de-
struction of the spin orientation within a few collisions
the ground state of the atom must have J = 1/, (groups
Ia, Ib, and IIla of the periodic table) orif J > 1/, L
must be 0 (groups V, VIIb, and VIb except for W),
For experimental convenience most work has been
done with the alkali atoms which have 28, ground
states.

Generation of a Gas of Spin-Oriented Atoms

A particular example will suffice to show what optical
pumping is. Consider a hypothetical atom with zero
nuclear spin and a single valence electron. Its energy
levels in a small magnetic field are shown in Figure 1.
Let us apply a beam of right circularly polarized light
in the same direction (z) as a magnetic field; the wave-
length of the light is chosen so that it exeites only the
Py, state. The light wave carries angular momentum
in the 2z direction, and when it is absorbed the angular
momentum of the atom must increase, 7.e., AM = +1
where M is the magnetic quantum number. Only the
—1/y — 1/, transition is allowed. The excited M =
1/, state can undergo radiative or nonradiative (eolli-
sional quenching) transitions to the ground state. If
the atom returns to the ground state M = —1/, state
nothing is gained or lost. If it goes to the ground state
M = 1/, state, it will remain there for some time until
spin relaxation takes place. This results in a large ex-
cess of atoms in the M/ = !/, state. In favorable cases
the net spin orientation of the gas can exceed 909.
As an atom in the M = 1/, state cannot absorb the
right circularly polarized light, the spin orientation
can be inferred from optical absorption experiments.
One does not need to perform electron spin resonance to
determine the spin orientation.



