arrive with the zenith angle mentioned
above, requires a particle velocity of 70
m/sec or greater and an emission angle
at or slightly below the horizontal.

It is true that particles entrained by
LM exhaust would not initially follow
a ballistic trajectory, but this is prob-
ably a good approximation away from
the LM. The sharpness of the “perma-
nent shadows” on the Surveyor cam-
era shows that the incident particles
were well collimated.

Thus, the discoloration pattern on
the Surveyor 3 camera not only pro-
vides excellent evidence that the camera
surface was whitened by the impact of
particles blown from the lunar surface

" by the exhaust of the LM as it landed
but also indicates the velocity and di-
rection at which these particles were
ejected. Many of the lunar particles
moved at very low angles to the hori-
zontal.

LeoNARD D. JAFFE
Jet Propulsion Laboratory,
California Institute of Technology,
Pasadena 91103
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Solvent Dependence of the Luminescence of

N-Arylaminonaphthalenesulfonates

Abstract. N-Methyl,N-phenyl-2-aminonaphthalene-6-sulfonate,

a fluorescence

probe, adsorbs to cycloheptaamylose with a stoichiometry of 1:1. The fluores-
cence of the complex is similar to that observed when the dye is dissolved in
organic solvents. Similar fluorescence is observed with the dye in ice. The results
are interpreted in terms of “solvent” relaxation during the excited state lifetime

of the dye.

Since the observation by Weber and
Laurence (/) that N-arylaminonaptha-
lenesulfonate dyes adsorb to bovine
serum albumin with fluorescence en-
hancement, these dyes have been shown
to adsorb to functionally important sites
on several proteins (2). In addition
they have been used in studies of nerves
(3) and mitochondrial membranes (4).
The fluorescence quantum yields of
these compounds are low in polar sol-
vents. When they are dissolved in non-
polar solvents or adsorbed to proteins,
their quantum yields and average en-
ergies of fluorescence increase and the
half-maximum bandwidths of emission
decrease (5-7). Because the spectro-
scopic properties of these dyes adsorbed
to proteins mimic those in nonpolar
solvents, they have been used as probes
for hydrophobic regions in protein mol-
ecules.

In homogeneous solutions, the fluo-
rescence of these dyes reflect the polar-
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ity of the solvent (5-7). The question
arises, however, to what extent the
heterogencous character of a protein
or a membrane surface may be approxi-
mated by the homogeneous solvents in
which the spectral characteristics of the
chromophores have been investigated.

Cycloheptaamylose forms complexes
with a variety of organic compounds
(8). In the case of N-methyl,N-phenyl-
2-aminonaphthalene-6-sulfonate, the in-
teraction is indicated by a large increase

Rel. fluorescence

Wavelength (nm)

in the quantum yield of fluorescence
and a blue shift in the emission maxi-
mum. The fluorescence spectrum of the
complex is shown in Fig. 1 and may
be contrasted with the low fluorescence
shown in water. The change of the
fluorescence quantum yield was used
to determine the stoichiometry and af-
finity between the dye and the sugar.
A Scatchard (9) analysis indicated that
one dye molecule bound to one sugar
molecule with a Gibbs free energy of
—6 kcal/mole.

The structure of cycloheptaamylose is
well known (8) and shows the presence
of hydroxyl groups both in the cavity
and on the outside of the cyclic sugar.
Thus while the sugar surface may be
less polar than water, it does not repre-
sent what a protein chemist would
usually refer to as a hydrophobic
region.

The fluorescence emission spectra
of N-methyl,N-phenyl-2-aminonaphtha-
lene-6-sulfonate in ice is also shown in
Fig. 1. This spectrum was taken at a
dye concentration where no concentra-
tion dependence of the emission energy
was observed. In the case of ice the dye
is certainly surrounded by polar mole-
cules. The fluorescence properties of
this dye in water, ice, and in the pres-
ence of cycloheptaamylose are sum-
marized in Table 1.

We have observed that when dyes
of this type are adsorbed to silica gel
or when they are in a crystalline state,
their fluorescence spectra are similar
to those observed when the dyes are dis-
solved in nonpolar solvents. The fluo-
rescence of a hydrated crystal of
N-(p-tolyl)-2-aminonaphthalene-6-sulfo-
nate has been reported (/0) and
showed an emission similar to that
observed in fluid polar solvents.

We have recently investigated a
series of fourteen 2,6-substituted amino-
naphthalenesulfonates (7, 17). From
the absorption and fluorescence spectra
in various liquid solvents and the acid-
base dependence of the spectra, we
concluded that the lowest energy sin-
glet-singlet transitions of these mole-
cules contain significant intramolecular
charge-transfer character of the type

Fig. 1. Normalized fluorescence emission
spectra  of N-methyl, N-phenyl-2-amino-
naphthalene-6-sulfonate in ice (solid
curve) and adsorbed on cycloheptaamy-
lose (dashed curve). The dashed curve was
obtained from a solution containing 8.52 X
10°M  N-methyl,N-phenyl-2-aminonaph-
thalene-6-sulfonate and 1.50 x 10°M cy-
cloheptaamylose.
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Table 1. Comparison of fluorescence spectra of N-methyl,N-phenyl-2-aminonaphthalene-6-

sulfonate in different chemical environments.

Half-maximum

Emission

Addition to dye bandwidth maximum Ql;zglt;m
(nm) (nm)
H,O (liquid, 300°K) 158 540 .006
H,O (liquid, 300°K) - cycloheptaamylose 128 497 2
H,O (solid, 190°K) ~85 ~455 ~.5

ar <1 (12). Furthermore, we found a
good correlation between the observed
energies of the lower electronic states
of these molecules and the relative en-
ergies predicted from theoretical con-
siderations (13). Calculations of the
dipole moment changes from experi-
. mental data for this series of molecules
showed that the dipole moments of the
first excited singlet states of the N-aryl-
2-aminonaphthalene-6-sulfonates were
all nearly four times larger than those
of 2-aminonaphthalene-6-sulfonate. We
also found that there was a good cor-
relation between the dipole moments of
the first excited singlet states of the
N-arylaminonaphthalenesulfonates and
their energies and quantum yields of
fluorescence.

The shapes and energies of the fluo-
rescence and phosphorescence- spectra
at 77°K in solid ethanol of all 14 de-
rivatives suggest that the dipole mo-
ment of the lowest triplet state is inter-
mediate between those of the first ex-
cited and ground singlet states. The
work of Jackson and Porter (/4) rein-
forces this conclusion. Because of the
relative dipole moments of the lower
electronic states it would be expected
that the triplet state energy in fluid
polar solvents would be nearly the same
as that observed at 77°K for any of
these molecules. On the basis of this
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fact it was shown that the fluorescence
quantum yields of the N-arylamino-
naphthalenesulfonates vary roughly as
the square of the inverse of their first
excited singlet-triplet energy interval. A
reexamination of the fluorescence en-
ergies and quantum yields reported by
Turner and Brand (6) for N-phenyl-
1-aminonaphthalene-7-sulfonate in many
different solvents showed an excellent
correlation between the absolute quan-
tum yield and the square of the inverse
of the singlet-triplet interval. These re-
sults strongly suggest that the low quan-
tum yields of the N-arylaminonaphtha-
lenesulfonates in fluid polar solvents are
a result of an enhanced intersystem-
crossing to the triplet state under these
conditions.

Further evidence for this suggestion
was obtained from fluorescence studies
in glycerol. The molecular relaxation
time of glycerol as a function of tem-
perature has been reported (15). It was
found that for N-methyl,N-phenyl-2-
aminonaphthalene-6-sulfonate, the en-
ergy and quantum yield of fluorescence
increased when, due to a change in
temperature, solvent relaxation occurred
on a time scale longer than the fluo-
rescence lifetime of the dye molecule.

It thus appears that solvent relaxa-
tion during the lifetime of the first
excited singlet state is a key feature
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Fig. 2. The interplay of environmental factors effecting the fluorescence characteristics

of N-arylaminonaphthalenesulfonates.
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involved in the spectral shifts and quan-
tum yield changes observed with these
molecules. In homogeneous fluid sol-
vents the solvent dipole moment is the
main factor influencing the fluorescence.

- However, it is important to reempha-

size that under certain conditions—
restricted solvent relaxation in a polar
medium—the fluorescence of these dyes
does not indicate the hydrophobicity
(dipole moment) of the solvent as has
commonly been assumed.

The present state of our understand-
ing of the excited state processes of
the N-arylaminonaphthalenesulfonates is
described in Fig. 2. Enclosed in the
boxed area are the variables that are im-
portant in influencing the fluorescence of
these molecules.” We believe that sol-
vent molecule relaxation is a key factor
in the excited processes. Solvent polar-
ity, viscosity, and temperature influence
the fluorescence mainly by their effects
on solvent reorientation. However,
there may also be other important fac-
tors which have not yet been found.
Our results should be taken into ac-
count in the interpretation of the fluo-
rescence observed when these and simi-
lar dyes are adsorbed to proteins.

CARL J. SELISKAR
Lupwic BRAND
McCollum-Pratt Institute,
Johns Hopkins University,
Baltimore, Maryland 21209
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