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is increased from acetyl to trimethylacetyl. The de-
acylation of acyl-e-chymotrypsins shows a marked
compensation between the activation parameters with
both AH* and AS* becoming more positive as steric
bulk in the acyl group is increased.’® The slope of the
compensation plot for acyl groups that are not highly
branched is 435°K.!® Thus, again a pronounced dif-
ference can be observed between a-chymotrypsin

deacylation and an imidazole, nucleophile-catalyzed
reaction, Steric effects on the activation parameters of
general base catalyzed hydrolysis reactions have yet to
be determined.
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Abstract:

The quenching of tryptophan fluorescence by iodoamino acids in native bovine thyroglobulin and in
iodinated thyroglobulin and human serum albumin has been measured.
greater quenching effect in human serum albumin than in thyroglobulin.

Ionization of the iodoamino acids has a
From the change in tryptophan fluores-

cence with iodoamino acid ionization average distances have been computed between emitter and recipient residues.
Critical energy transfer distances from tryptophan and tyrosine to the ionized and un-ionized forms of mono- and di-
iodotyrosine and thyroxine have been calculated by the Forster equation,

he fluorescent properties of proteins have been

the subject of considerable recent interest both
with respect to their fundamental nature and as a means
of detecting structural modifications. The emission
spectra of most proteins which contain tryosine and
tryptophan residues resemble that of tryptophan with
only a minor contribution from the tyrosyl residues.'®?
The quantum yields of tryptophan fluorescence in
proteins show wide variations which are determined
by both local (environmental) and long-range interac-
tions. The latter arise from radiationless energy trans-
fer processes® and have received comparatively less
attention than the former. A notable exception is the
study by Weber and Teale* of the quenching of tryp-
tophan fluorescence by heme in several heme-containing
enzymes and proteins,

Few studies have been directed toward evaluating
energy migration between different residues in non-
conjugated proteins since the conditions for energy
transfer, as shown by Férster, are satisfied only from
tyrosine to tryptophan and tryptophan to ionized
tyrosine. Because of the difficulty in resolving tyrosine
emission, only the transfer from tryptophan to ionized
tyrosine has received confirmation and evaluation.®®
Due to the spectral shift that occurs with iodination of
tyrosine, energy transfer is possible between tryptophan

(1) (a) Department of Pharmacology, Center for Scientific and In-
dustrial Research, University of Stellenbosch, Bellville, South Africa.
(b) F. W, J. Teale, Biochem. J., 76, 38 (1960).

(2) Y. A. Vladimirov and G. M. Zimina, Biokhimiya, 30, 1105
(1965).

(3) Th, Forster, Radiation Res. Suppl., 2, 326 (1960).

(4) G. Weber and F. W. ], Teale, Discussions Faraday Soc., 27, 134
(1959).

(5 H. Edelhoch, L. Brand, and M. Wilchek, Biochemistry, 6, 547
(1967).

(6) R. F. Steiner and H. Edelhoch, Biochim. Biophys. Acta, 66, 341
(1963).

andiodinated tyrosyl derivatives,” Iodotyrosylresidues
occur in native thyroglobulin. They can also be intro-
duced into proteins without significant structural
change by careful iodination.®® Their influence on
tryptophan emission has been assessed in native and
iodinated thyroglobulin.

Native bovine thyroglobulin is a very large protein
of 670,000 molecular weight and contains approximately
75 tryptophanyl, 110 tyrosyl, and 30 iodoamino acid
residues (~197 iodine).#!® Due to the large number
of tryptophans and iodoamino acids the possibilities
of energy transfer are extensive. A second protein,
human serum albumin (HSA), containing only a single
tryptophanyl residue, was therefore selected for com-
parison. The molecular properties of this protein are
well known from numerous investigations.!! A recent
study showed that the synthesis of several moles of
monoiodotyrosine (MIT) and diiodotyrosine (DIT)
by iodination did not affect its molecular properties.!2

Materials

HSA, four times recrystallized, was obtained from
Nutritional Biochemicals. This preparation gave a
single symmetrical peak by velocity sedimentation and a
weight-average molecular weight of 72,400 by sedi-
mentation equilibrium by the meniscus depletion
method (7 = 0.733).

(7 C. L. Gemmill, Arch. Biochem. Biophys., 63, 2778 (1962).

(8) H. Edelhoch, J. Biol. Chem., 237, 2778 (1962).

(9) H. Edelhoch and R. E. Lippoldt, ibid., 237, 2788 (1962).

(10) Y. Derrien, R. Michel, K, O. Pedersen, and J. Roche, Biochim.
Biophys. Acta, 3, 436 (1949).

(11) R. A. Phelps and F. W. Putnam in “The Plasma Proteins,” Vol.
1, F. W. Putnam, Ed., Academic Press Inc., New York, N. Y., 1960, p
143,

(12) R. L, Perlman and H. Edelhoch, J. Biol. Chem., 242, 2416
(1967).
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Thyroglobulin was prepared from calf thyroid gland
by a differential centrifugation procedure which gave
a solution containing about 959 19S and 59, 27S
molecules, '3 followed by gel filtration through granu-
lated agar which eliminated the 27S component.!*
Solutions were stored at —20°.

All chemicals were reagent grade.
water was used throughout.

Methods

A solution of 0.040 M 1,in 0.16 M KI was added at a
rate of 10 ul/min from an Agla syringe to either a 277
solution of HSA at pH 9.1 or a 1 77 solution of thyro-
globulin at pH 9.35 in 0.05 M glycine-0.01 M KCl in a
pH-Stat at 25° with magnetic stirring. KI was added
to the iodinated solutions to bring them to the same
final concentration of iodide, 0.03 M. At the levels
of iodination employed, the protein solutions remained
colorless, Further details of the iodination procedure
have been described elsewhere.?

The concentrations of tyrosine, monoiodotyrosine
(MIT), diiodotyrosine (DIT), and thyroxine (T,)
were determined spectrophotometrically on the intact
proteins by a modification's of a procedure described
elsewhere.® The tyrosyl and iodoamino acid composi-
tion of iodinated HSA and thyroglobulin is reported in
Tablel.

Glass-distilled

Table I. Tyrosine and Iodoamino Acid Composition of Iodinated
HSA and Thyroglobulin®

No. I. Tyr MIT DIT T,
Human Serum Albumin
1 0 17.6 0 0 0
2 3 15.6 0.9 0.3
3 6 14.4 1.7 0.8
4 12 12.4 2.3 2.0
5 18 10.9 2.4 3.2 0.2
6 24 8.9 2.6 4.9 0.2
Thyroglobulin

1 0 109 12.2 11.7 5.8
2 10 104 14.7 15.4 4.9
3 20 100 14.9 18.8 5.2
4 40 88.6 16.6 26.7 4.9
5 60 82 17.0 33.5 5.2
6 80 75.6 15.6 38.5 6.3
7 100 69.5 16.0 44.0 5.8
8 130 60.1 16.0 48.2 6.4

o All the amino acid residue concentrations are in moles per mole
of protein. The iodine concentrations are the number of moles of
iodine added per mole of protein.

Ultraviolet Fluorescence. The fluorescence of 0.01 77
solutions of HSA and thyroglobulin was measured in
an Aminco-Bowman spectrofluorometer. Titrations
were performed by the addition of small amounts of
HCl and KOH. The temperature was maintained at
25°; 275 mu was selected for excitation since the ab-
sorption of tyrosine and the iodotyrosines does not
change appreciably with ionization at this wavelength.
The isosbestic wavelength of the iodotyrosyl ionization
is at 290 mu in HSA and at 295 my in thryroglobulin.
These wavelengths could not be used for excitation

(13) H. Edelhoch and R. E. Lippoldt, Biochim. Biophys. Acta, 719,
64 (1964),

(14) G. Salvatore, M. Salvatore, H, J. Cahnmann, and J. Robbins, J.

Biol. Chem., 239, 3267 (1964).
(15) H, Edelhoch, ulipublished.
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since the absorption of tyrosyl residues increases sig-
nificantly with ionization. The fluorescence due to tryp-
tophan was measured at 350 mu.

Calculation of Energy Transfer Distances. Calcula-
tions of the critical distances for transfer of electronic
excitation energy from tyrosine and tryptophan to
several acceptor amino acids were made according to
the Forster equation? 16

R, = 471.69 X 10=3 rJy

n? 702

where R, is the critical transfer distance, at which the
probability of energy transfer equals the probability of
spontaneous deactivation of the excited state. The
refractive index, n, was assumed to be 1.5. 7, the actual
lifetime of the excited state in the absence of energy
transfer, was taken as 3 X 10~° sec for both tryptophan
and tryosine.' 5, the wave number of the 0-0 transi-
tion of the energy donor, was approximated as the
mean of the absorption and emission maxima; for
tryptophan, this was 32.8 X 10° cm~! (corresponding
to absorption and emission maxima of 279 and 335 my,
respectively), and for tyrosine 34,7 X 10% ¢cm—! (ab-
sorption and emission maxima of 275 and 302 muy).
Jp, the overlap integral, was measured graphically
from the absorption spectra of the various acceptors
and the fluorescence emission spectra of tryptophan
and tyrosine in water, normalized by setting the maxi-
mum fluorescence intensity equal to the molar ex-
tinction coefficient at the absorption maximum. The
absorption spectra of MIT and DIT in 0.1 M HCI
and 0.1 M KOH were kindly given to us by Professor
S. Lissitsky. All the other spectral data used in these
calculations were obtained in our laboratory. It
should be noted that the correction of the Férster equa-
tion suggested by Latt, er a/.,'® does not apply to the
equation as used here, in which the experimental fluores-
cence spectra are treated as mirror images of the ab-
sorption spectra. These calculations assume the ran-
dom orientation of the donor and acceptor transition
moments for emission and absorption, respectively,
ie., K? = %/3.19 It should be noted that these values
are only approximate since the actual lifetimes vary!?
and the tryptophan emission peak can vary from 350
my in aqueous to about 300 mu in nonpolar solvents.
The absorption spectra of the chromophores are
changed relatively trivially by changing the solvent.

Results

Fluorescence of Iodinated HSA. The relative fluores-
cence intensity of native and several samples of io-
dinated HSA as a function of pH is presented in Figure
I. Native HSA has a complicated pH-fluorescence
curve, with strong quenching below pH 42 (associated
with an important conformational change)!! and above

(16) G. Karreman and R. H. Steele, Biochim. Biophys. Acta, 25, 280
(1957).

(17) R. F. Chen, G. G. Vurek, and N. Alexander, Science, 156, 949
(1967).

(18) S. A, Latt, H. T. Cheung, and E. R, Blout, J. 4m. Chem. Soc., 87,
995 (1965).

(19) In the present experiments, fluorescence quenching is used as a
measure of energy transfer, Obviously, this is the only method of
measuring energy transfer to a nonfluorescent acceptor. It must be ap-
preciated, however, that this analysis assumes that energy transfer is the
only process by which the acceptors quench fluorescence, and that it is
competitive with all other quenching processes.

(20) R, F, Chen, Biochim, Biophys. Acta, 120, 169 (1966).
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Figure 1. Fluorimetric titrations of native (no. 1) and iodinated
(no. 2-6) HSA. Iodoamino acid composition of these prepara-

tions is given in Table I,
lysine-0.1 M KCl,
350 my.

Protein concentration 0.0197, in 0.02 M
Fluorescence excitation 275 my, emission

pH 10.5 (due in part to energy transfer from trypto-
phanyl to ionized tyrosyl residues), and a relatively
small decrease in intensity between pH 7 and 9.6 The
maximum fluorescence intensity decreased significantly
with increasing degrees of iodination. In order to
demonstrate that the decrease in fluorescence was not
due to the destruction of the tryptophanyl residue
during iodination, the samples were also examined in
8 M urea, pH 6.0. In this solvent, all the iodinated
samples had the same fluorescence intensity as native
HSA. Evidently, energy transfer between the trypto-
phanyl and iodotyrosyl residues is completely eliminated
in the unfolded state of the protein produced by 8 M
urea. In other proteins, energy transfer between tryp-
tophanyl and ionized tyrosyl residues is greatly re-
duced in 8 M urea.5?!

The decrease in maximum fluorescence intensity of
iodinated HSA must be due to energy transfer from
tryptophanyl to un-ionized iodotyrosyl residues since
few, if any, of these residues are ionized at pH 5.12 1In
Figure 2, the maximum fluorescence intensity of the
iodinated HSA samples is shown as a function of their
DIT content. This presentation ignores the contribu-
tion of MIT and thyroxyl residues to fluorescence
quenching. However, since the critical transfer dis-
tance from tryptophan to DIT is greater than to MIT
(see below), the DIT residues are probably the more
important energy acceptors. The thyroxyl content
of these preparations is negligible. Fluorescence in-
tensity decreases approximately exponentially with
increasing DIT content.

All the iodinated HSA preparations show a decrease
in fluorescence in the pH range of iodotyrosyl ionization,
Samples 2 and 3 (Figure 1) contain relatively little DIT,
and consequently the major decrease in their fluores-
cence occurs in the pH range of MIT ionization (pH
8-10). Samples 5 and 6, which contain more DIT,
are largely quenched in the region of DIT ionization
(pH 5-9).12 The quenching between pH 5 and 10 is
not due to a structural change in the protein, since the

(21) H. Edelhoch and R, F. Steiner, J. Biol. Chem., 238, 931 (1963).
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Figure 2. Relative fluorescence intensity of iodinated HSA as a
function of diiodotyrosyl (DIT) content. Fluorescence of native
HSA taken as 100: O, maximum fluorescence intensity; @,
fluorescence intensity at pH 9; O, average tryptophanyl (TRP)-
diiodotyrosyl (DIT) distance, calculated as described in text.

major transition in both native?? and iodinated HSA
occurs above pH 10.5. (It is assumed that the minor
transition occurring between pH 7 and 9 does not mod-
ify the structure importantly). Figure 2 also shows the
fluorescence intensity of iodinated HSA at pH 9, rela-
tive to native HSA at the same pH. At this pH, most
of the DIT and relatively few of the MIT residues are
ionized.!? The relatively greater quenching at pH 9
than at pH 5 reflects the larger critical transfer distance
for energy transfer from tryptophanyl residues to
ionized than to un-ionized DIT residues.

The rapid fall in fluorescence between pH 11 and 12
in samples | and 2 corresponds to the region of tyrosyl
ionization,?? and is not due to base quenching. HSA
is highly unfolded above pH 10.5, as shown by the
elimination of electrostatic effects between the tyrosyl
groups,?? increased viscosity,?? and decreased polariza-
tion of fluorescence.2* Consequently, the strong
quenching that takes place between pH 11 and 12 arises
either from energy transfer to ionized tyrosyl groups or
exposure of the tryptophanyl residues to the solvent
or both.

The use of fluorescence quenching as a measure of
energy transfer requires the assumption that all quench-
ing in the presence of the energy acceptors is due to
energy transfer. Tryptophanyl fluorescence in pro-
teins can be strongly affected by changes in protein
conformation. However, at the levels of iodination
used in this study, the structure of HSA is unchanged,
as measured by viscosity, optical rotatory dispersion,
immunologic reactivity, and solubility. Although
minor structural changes can not be excluded, certainly
there are no gross differences in the structure of native
and iodinated HSA.

Fluorescence of Iodinated Thyroglobulin. Theiodina-
tion of thyroglobulin in aqueous solution at pH 9.35
results almost in the exclusive synthesis of DIT from

(22) C. Tanford, J. Am. Chem. Soc., 72, 441 (1950).

(23) C. Tanford, S. A. Swanson, and W. S. Shore, ibid., 77, 6414
(1955%).

(24) G. Weber, Biochem. J., 51, 145(1952).
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tyrosyl residues, with very little change in the MIT and
thyroxyl content (Table I).2> Moreover, the synthesis
of almost 40 mol of DIT/mol of thryoglobulin has no
significant effect on its structure, as shown by vis-
cosity, optical rotation, reactivity toward antinative
thyroglobulin antibody, and solubility.® The trypto-
phan fluorescence of native and iodinated thyroglobulin
was measured at pH 5.0 and 10.0, the limits of DIT
ionization,® in aqueous solution and in 9 M urea (Figure
3). In both solvents, a linear decrease in fluorescence
with increasing DIT content was observed; the de-
crease was slightly greater at pH 10.0 than at pH 5.0.

The quantum yield of tryptophan fluorescence in
thyroglobulin is much greater in 9 M urea solutions
than in water. The fluorescence enhancement due
to urea alone, in the absence of DIT (obtained by ex-
trapolation of the data in Figure 3 to zero DIT content)
is about 10097, In native thyroglobulin, this enhance-
ment occurs gradually between 3 and 9 M urea, and is
approximately correlated with changes in viscosity
and in ultraviolet difference spectra.!* Neutral solvent
perturbation studies of either tryptophan absorption?®
or fluorescence?® indicate that relatively few (<25%)
of the tryptophanyl residues are exposed to the solvent
in aqueous solution at neutral pH; in 9 M urea, all the
tryptophanyl residues are exposed to the solvent,2®
Exposure to a more polar environment in model tryp-
tophan compounds leads to decreased fluorescence.
The increase in thyroglobulin fluorescence in 9 M
urea therefore suggests that specific intramolecular
interactions quench tryptophan fluorescence of native
thyroglobulin in aqueous solution.

The twofold enhancement in fluorescence in 9 M
urea could be due to the loss in energy transfer to the
five thyroxyl residues. Evidence suggesting that these
residues have little or no influence on tryptophan
fluorescence in native thyroglobulin is that their ion-
ization (pK = 7.6)% has almost no effect on emission
intensity (Figure 3). It would appear that either there
are too few of these groups relative to the number of
tryptophanyl residues or they are remotely situated
from most of the tryptophanyl residues. The latter
possibility is intrinsically more reasonable for a large
molecule like thyroglobulin than for the smaller human
serum albumin molecule.

Discussion

Critical Transfer Distances. Table II presents the
critical distances for the transfer of electronic excitation

Table II, Critical Energy Transfer Distances Ry, in A

Donor
Tryptophan Tyrosine
Un- Un-
Acceptor ionized® Ionized® ionized® Ionized+

Tyrosine 11.2 8.9 15.2

Monoiodotyrosine 7.9 15.7 13.4 17.3
Diiodotyrosine 10.5 20.4 14.9 18.8
Thyroxine 15.4 23.3 17.4 18.6
Tryptophan 7.2 14.7

@ Un-ionized and ionized refer to phenolic hydroxyl of ac-
ceptor.

(25) A.van Zyl and H. Edelhoch, J. Biol. Chem., 242, 2423 (1967).
(26) R. F. Steiner, R. E. Lippoldt, H, Edelhoch, and V. Frattali,
Biopolymers Symp., 1, 355 (1964).
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Figure 3, Relative fluorescence intensity of iodinated thyro-

globulin in aqueous and 9 M urea solutions as a function of di-
iodotyrosyl (DIT) content: O,pHS; A, pH 10.

energy from tryptophan and tyrosine to various ac-
ceptor amino acids, calculated as described in Material
and Methods. As there is no overlap between the
fluorescence emission spectrum of tryptophan and the
absorption spectrum of un-ionized tyrosine, energy
transfer between them is precluded. Both iodination
and ionization lead to a red shift and an intensification
of the tyrosyl absorption spectrum, resulting in increas-
ing overlap with the tryptophanyl fluorescence spectrum,
and increasing possibility of energy transfer. The
critical transfer distances increase with increasing
iodination, and increase further on ionization of the
phenolic hydroxyl groups.

Energy transfer can also occur between two un-ion-
ized tyrosyl residues. lodination and ionization of the
acceptor tyrosine result in larger transfer distances.
The calculated critical transfer distances are large
enough so that energy transfer would be expected to
occur between many of these donor-acceptor pairs in
proteins. In fact, transfer from tryptophanyl to ion-
ized tyrosyl,®?! and from tyrosyl to ionized,?” un-
ionized,? and iodinated?® tyrosyl residues has been
observed in proteins.

The efficiency of energy transfer as a function of the
distance between donor and acceptor may be calcu-
lated from the relationship

E = 1/[(R/R))® + 1]

where R is the distance between donor and acceptor,
and R, is the critical transfer distance. Using this
equation, the ratio of the efficiency of energy transfer
from tryptophan to ionized DIT, compared to un-
ionized DIT, as a function of the distance between
tryptophan and DIT, was calculated; the results are
plotted in Figure 4. From the data in Figures 2 and 3,
giving relative fluorescence intensity in the presence of
ionized and un-ionized DIT, an ‘‘average” distance
between tryptophanyl and DIT residues in the two
27) R. W, Cowgill, Biochim. Biophys. Acta, 94, 81 (1965).

(28) G. Weber, Biochem. J., 15, 345 (1960).
(29) R. W, Cowgill, Biochim. Biophys. Acta, 94, 74 (1965).
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Figure 4. Efficiency of energy transfer from tryptophan (TRP)
to ionized (DIT") as compared to un-ionized (DIT) diiodotyrosine,
as a function of the tryptophan-diiodotyrosine distance, calculated
as described in text.

proteins can be estimated. These “averages” are
strongly weighted in favor of the closest DIT residues,
and do not at all include those DIT residues too far
away to quench tryptophanyl fluorescence. These
calculations assume that the distances between trypto-
phanyl and DIT residues do not change with increasing
iodination or with DIT ionization. The structures of
HSA and thyroglobulin, as examined by several criteria,
are essentially unchanged by the levels of iodination in
the preparations used here. Further, there are no
major structural changes in either HSA or thyroglobulin
in the pH range of DIT ionization.

The ‘“‘average distance’” between the DIT residues
and the single tryptophanyl residue in HSA decreases
slightly with increasing iodination. The average dis-
tance between the tryptophanyl residue and the first
DIT residue formed is close to 10 This value is
close to the critical transfer distance of un-ionized DIT.
Consequently a quenching of 509 of tryptophan emis-
sion is expected. The observed value is about 3077
(Figure 1). At a distance of 10 A, ionized DIT would
be expected to quench tryptophan emission almost
completely. Only about 559 quenching is observed
(Figure 1). A value of K? of the orientation factor in

the Forster equation less than 2/; could account for the
low quenching efficiency, though other factors cannot
be excluded. The distances calculated between tryp-
tophan and DIT decrease from about 10 to 8.5 A
as the DIT content increases from 1 to 4 mol/mol of
protein. It is clear that none of these residues can be
within 8.5 A of the tryptophan residue since trypto-
phan emission would be 809 quenched at this distance
by a single residue. In addition all the residues must be
within 16 A or they would have negligible effect.

The distance between donor and acceptors in HSA
is greatly increased in 8 M urea: in this solvent, there
is no quenching of tryptophanyl fluorescence by un-
ionized DIT residues. Thus, no DIT residues can be
within several residues of the tryptophanyl residue along
the polypeptide chain.

Steiner, et al.,® have recently studied the binding
of thyroxine by HSA by the method of fluorescence
quenching. HSA has one binding site with very high
affinity for thyroxine; at pH 7.4, where the bound
thyroxine is ionized, the binding constant is 1.6 X 108,
The binding of 1 mol of thyroxine/mol quenches about
55% of the HSA fluorescence. This suggests that the
strong thyroxine binding site is about 22 A from the
tryptophanyl residue in HSA.

The average distance between the tryptophanyl
residues and the DIT residues in thyroglobulin does not
change with increasing DIT content. This distance is
about 8 A in water, and only increases to about 9 A in
9 M urea. Major structural elements persist in thyro-
globulin in 9 M urea, as shown by fluorescence polar-
ization measurements. These interactions are more
completely eliminated in 6 M guanidine.®! The failure
to observe a large increase in the average distance may
result from the close proximity of the large number
of tryptophanyl and iodotyrosyl residues along the
polypeptide chain, or from numerous clusters of residues
which remain in 9 M urea.

(30) R. F. Steiner, J. Roth, and J. Robbins, J. Biol. Chem., 241, 560
(1966).
(31) H.Edelhoch and R. F. Steiner, Biopolymers, 4, 999 (1966).

Communications to the Editor

Two Modes of Formation of Carbonium Ions
from Olefins and Suitable Electron Acceptors
Sir:

Electron acceptors, e.g., SbCl;, convert polynuclear
aromatic hydrocarbons into the respective radical
cations which were identified by their esr! and optical?
spectra. It has been claimed? that analogous electron-
transfer processes produce radical cations from vinyl
or vinylidene monomers and the latter initiate cationic

(1) 1. C. Lewis and L. S. Singer, J. Chem. Phys., 43, 2712 (1965).

(2) W. 1. Aalbersberg, G. J. Hoijtink, E. L. Mackor, and W. P.
Weijland, J. Chem. Soc., 3055 (1959).

(3) H. Scott, G. A, Miller, and M. M. Labes, Tetrahedron Letters,
17, 1073 (1963).

polymerization. The initiation should resemble the
anionic process;* radical cations are expected to dimer-
ize into dicarbonium ions or to react with excess of
monomer and vield dimeric radical cations.

To investigate the course of the initiation, we have
chosen 1,1-diphenylethylene (D) as the ‘“‘monomer.”
Its head-to-tail polymerization is prevented by steric
hindrance, although the dimerization is feasible.®b
Hence, studies of the initiation in this system are not
complicated by the subsequent polymerization.?

(4) (a) M. Szwarc, M. Levy, and R. Milkovich, J. Am. Chem. Soc.,
78, 2656 (1956); (b) M. Szwarc, Nature, 178, 1168 (1956),

(5) (a) J. Jagur, M. Levy, M. Feld, and M. Szware, Trans. Faraday

Soc., 58, 2168 (1962); (b) J. Jagur-Grodzinski and M. Szware, Proc.
Roy. Soc. (London), A288, 224 (196%).
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