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Abstract: The absorption and fluorescence spectra of 1-(dimethylaminoj-5-naphthlenesulfonic acid, 1-(dimethylamino)-5-
naphthalenesulfonamide, and 2-(dimethylamino)-6-naphthalenesulfonic acid and related compounds have been studied in
different solvents. The fluorescence quantum yields and lifetimes in a variety of solvents as well as in binary solvent mixtures
are reported. Highly polar solvents cause large red shifts in the fluorescence spectra of these compounds, particularly the 1-
substituted aminonaphthalenes. The radiative rate constant for the 1-aminonaphthalenes decreases substantially with solvent
polarity; the half-width of the fluorescence spectral band also is greater in polar solvents. These effects are not observed with
2-aminonaphthalene derivatives. The variations in fluorescence rate constant and bandwidth have been interpreted as arising
from an inversion of the 'L, and 'L, excited states in l-aminonaphthalenes. A mathematical model has been developed to
describe the fluorescence behavior of 1-aminonaphthalenes in binary solvent mixtures based on the assumption of state mix-
ing, the mixing coefficients determined by the solvent composition. The lowest electronic transitions of aminonaphthalenes
involve mixing of the 'L, and !L, states of naphthalene with a charge-transfer state arising from promotion of a lone-pair
electron on the amino group into a = antibonding orbital of the ring. The resulting 'L, state is lowered in energy by approxi-
mately the amount of the ionization potential of the amino group, giving rise to a much smaller energy gap between the
'L, and !Ly, states than in naphthalene. A change in configuration of the amino group from the ground state to the excited
state enhances this effect. In |-aminonaphthalenes, the 1L, state is polar, and the 'Ly, is nonpolar while, in 2-aminonaphth-
alenes, the 'Ly, is polar, and the 'L, state is nonpolar. In the 2-aminonaphthalenes, inversion of the excited states does not
occur, No significant phosphorescence could be detected for any of the compounds studied in any solvent. Arguments are
presented that intersystem crossing is relatively unimportant in these compounds. The transition moment was calculated for
the 1,5- and 2,6-aminonaphthalenesulfonates in a variety of solvents. The results show that the transition moment of the 2,6
derivative is independent of solvent polarity, whereas the transition moments of the 1-amino derivatives show a sharp drop as
the solvent polarity increases. This observation supports the concept of inversion of the excited states with increasing solvent

polarity.

The use of substituted aminonaphthalenesulfonates as
fluorescence probes in proteins and other macromolecules is
well known.>3 These compounds show characteristic
changes in the location of their fluorescence maxima and
fluorescence intensity, which have permitted their use to de-
termine “polar” and “nonpolar’” sites in macromolecules.
The anilinonaphthalenesulfonates (ANS derivatives) have
been widely used with substitution in the 1 and 8 posi-
tions.#* Another widely used probe has been 2,6-(p-tolu-
yl)naphthalenesulfonate (TNS).43 The only fluorescence
probes having alkyl substituted amino groups are 1-(di-
methylamino)-5-naphthalenesulfonate® (1,5-DNS) and its
derivatives.

Both ANS and TNS derivatives have been studied using
nanosecond time-resolved emission spectroscopy.”# Solvent
relaxation, mainly dipole reorientation,”® and the variation
of intersystem crossing yield®!! have been suggested as key
factors responsible for variations in the fluorescence quan-
tum yield of the probe molecules as a function of solvent.
However, as will be shown below, these interpretations are
not adequate to explain the 1,5-DNS system.

We were interested in defining the nature of the excited
electronic state behavior of aminonaphthalenesulfonates as
a function of solvent polarity. However, even for the sim-
plest compounds having aryl groups on the nitrogen, the
electronic transition of the aminonaphthalenes are highly
complex; the lone electron pair on the nitrogen atom can be
delocalized both in the phenyl and the naphthalene ring sys-
tems. We therefore chose to study the N-alkyl-substituted
derivatives to avoid complications with the excited states of
the benzene moiety.

We have observed a marked similarity between the sol-
vent dependence of the fluorescence of 1,5-DNS and that of

1-(dimethylamino)naphthalene (1-DAN). This similarity
has permitted use of simple naphthalene derivatives as mod-
els for the fluorescence behavior of 1,5-DNS. The low-ener-
gy excited states of aminonaphthalene derivatives have con-
siderable charge-transfer character,'?!® caused by mixing
of the 'L, and 'Ly states of naphthalene and the transition
involving the lone-pair electrons on the nitrogen: this inter-
action results in a smaller energy separation between the
1., and Ly states than for naphthalene.!#!3 The nature of
the lowest energy excited state in 1,5-DNS, i.e., the emit-
ting state, is solvent dependent. In nonpolar solvents, fluo-
rescence arises from the 'Ly state of 1,5-DNS and, in polar
solvents, from the 1L, state. In contrast, the emitting state
for 2-(dimethylamino)-6-naphthalenesulfonate (2,6-DNA)
is 'L in both polar and nonpolar solvents.

Experimental Section

Chemicals, 1-(Dimethylamino)-5-naphthalenesulfonate (1,5-
DNS) and |-(dimethylamino)-5-naphthalenesulfonamide (1,5-
DNSA) were synthesized and purified according to the method of
Fussgédnger.'®

2-(Dimethylamino)-6-naphthalenesulfonate (2,6-DNS) (sodium
salt) was obtained from Professor L. Brand of Johns Hopkins Uni-
versity: it was synthesized and purified by the procedure of Lau-
rence.!’

1-(Dimethylamino)naphthalene (1-DAN) (Eastman Organic
Chemicals) was purified by vacuum distillation.

1-Naphthalenesulfonic acid (1-NSA) (Eastman Organic Chem-
icals) was purified by recrystallization from water.

1-Naphthalenesulfonamide (1-NSAA) was synthesized by
warming l-naphthalenesulfonyl chloride (Eastman Organic
Chemicals) and concentrated aqueous ammonia solution for about
1 hr; the product was recrystallized twice from ethyl alcohol. The
NMR spectrum of the product showed the presence of amide pro-
tons at 6 3.4 ppm.
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Spectroquality p-dioxane, acetonitrile, benzene, methyl sulfox-
ide, formamide, and hexane were purchased from Matheson Cole-
man and Bell, spectrophotometric grade dimethylformamide from
Mallinckrodt Chemical Co.

Both the Cary 14 and Cary 135 spectrophotometers were used to
obtain absorption spectra. For quantum yield measurements, ab-
sorbance was in the range of 0.02-0.05 (1-cm path length) at the
exciting wavelength. The actual measurement was done by using
either a 5 or 10-cm path length quartz cell at room temperature;
the fluorescence standards and sample solutions had equal absorb-
ance at the exciting wavelength.

Room temperature fluorescence spectra were recorded on a G.
K. Turner Associates Model 210 absolute spectrofluorometer. This
instrument gives corrected emission and excitation spectra at con-
stant energy. The relative quantum yields of fluorescence in vari-
ous solvents were measured against that of 1,5-DNS in water
(buffered with 0.1 M NaHCO;, pH ~8.5); reported quantum
yield is 0.36.18.1° This experimental condition (pH ~8.5) was sug-
gested by Chen’® and appeared to be excellent. Quantum yield was
independent of the presence of molecular oxygen. The effect of re-
fractive index of each solvent on the quantum yield measurement is
also corrected as suggested by Fletcher.2?

A TRW Model 31 A nanosecond spectral source system and a
Model 32 A decay-time analog computer plug-in module were
used in conjunction with a dual-beam independent time base oscil-
loscope to measure fluorescence decay times.2!

Phosphorescence spectra were recorded on an Aminco spectro-
photofluorometer. The phosphorescence of 1,5-DNS in all solvents
was checked by Professor J. D. Winefordner's laboratory at the
University of Florida.

The calculations were done on computer by using “Basic” com-
puter language, and all the results were plotted by an automatic
plotter connected to the computer output.

Results

We have studied changes in the fluorescence spectra, ab-
sorption spectra, fluorescence lifetimes, and quantum yields
as a function of solvent for 1-(dimethylamino)-5-naphthale-
nesulfonic acid (1,5-DNS) and amide (1,5-DNSA), 1-na-
phthalenesulfonic acid (1-NSA) and amide (1-NSAA), 1-
(dimethylamino)naphthalene (1-DAN) and 2-(dimethyla-
mino)-6-naphthalenesulfonic acid (2,6-DNS).

In order to diagnose the factors responsible for the sol-
vent dependency of 1,5-DNS fluorescence, we have con-
ducted identical studies on 1.5-DNS and 1,5-DNSA, as
well as the three naphthalene derivatives directly related to
these compounds, namely 1-NSA, 1-NSAA, and 1-DAN.
The rationale behind this approach was to determine if one
functional group in the naphthalene ring was responsible for
the observed behavior, or if an interaction between the two
groups was required.

Attempts to correlate fluorescence shifts with calcula-
tions involving dielectric constant and refractive-index
values over a wide variety of solvents are usually unsuccess-
ful. There are two empirical measures of solvent polarity in
the literature: Kosower’s Z value?? and Dimroth’s measure
on transition energy E1(30).23 These two parameters have
been shown to correlate. For the present study we decided
to treat solvent polarity as an empirical parameter and to
adopt Dimroth’s ET(30) as an indicator.

1-Naphthalenesulfonic Acid (1-NSA) and Amide (1I-
NSAA). The low-energy absorption maxima and the fluo-
rescence maxima in a variety of solvents were plotted
against £7(30) for 1-NSA, Figure 1, top, and 1-NSAA,
Figure 2, top. It is evident that both absorption and fluores-
cence maxima for these compounds are invariant with sol-
vent polarity.

The relative fluorescence quantum yields and lifetimes of
I-NSA. Figure 1. middle, and 1-NSAA, Figure 2, middle,
vere measured in two binary solvent mixtures: water-diox-
ine and acetonitrile-dioxane; the results are plotted against
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Figure 1. Spectral data for 1-naphthalenesulfonic acid (1-NSA). Top:
frequency shifts with solvent polarity [(O) lowest energy absorption
maximum; (0O) fluorescence maximum]. Middle: quantum yields and
fluorescence lifetimes in dioxane-water and dioxane-acetonitrile
mixtures [(O) fluorescence quantum yield; (®) fluorescence lifetime].
Bottom: fluorescence rate constants in mixed solvent systems [(O) di-
oxane-water mixtures; (@) dioxane-acetonitrile mixtures].

the percent dioxane. The ratios ¢x/¢r and 74/ 7 are plotted
in Figures 1 and 2, where ¢4 and 7 are the quantum yield
and lifetime measurements at a given percentage of diox-
ane, and ¢r and 7r are quantum yield and lifetime measure-
ments in the pure polar solvent.

Figures 1 and 2 indicate that the relative quantum yields
and lifetimes for 1-NSA and 1-NSAA vary with solvent po-
larity. The ratio, (¢x/¢r)/(7x/7¢), which represents the rela-
tive fluorescence rate constant, k¢, is invariant with respect
to solvent polarity.

The radiative rate constant for these compounds is esti-
mated to be on the order of 5 X 107 sec™!, which is an order
of magnitude higher than that of naphthalene.

1-(Dimethylamino)naphthalene (1-DAN). The lowest ener-
gy absorption maximum shifts only slightly to the red as the
solvent polarity increases, Figure 3, top. However, the fluo-
rescence maximum shifts significantly to the red as the sol-
vent polarity increases. Plots of relative fluorescence quan-
tum yield and lifetime vs. percent dioxane are shown for
1-DAN in the middle of Figure 3. A striking difference is
observed from similar plots for 1-NSA and 1-NSAA. In ac-
etonitrile~dioxane mixtures. the relative fluorescence quan-
tum yield and lifetime curves match well but, in water-di-
oxane mixtures, they differ. This difference results in a
variation of fluorescence rate constant for water-dioxane
mixtures, but not for acetonitrile-dioxane mixtures as seen
in Figure 3, bottom. The absolute k¢ value is in the range of
0.5-1 X 10® sec1.

Hercules et al. | Fluorescence of 1-(Dimethylamino}-5-naphthalenesulfonic Acid
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Figure 2. Spectral data for 1-naphthalenesulfonamide (1-NSAA). Top:
frequency shifts with solvent polarity {(O) lowest energy absorption
maximum; (&) fluorescence maximum]. Middle: quantum yields and
fluorescence lifetimes in dioxane-water and dioxane-acetonitrile
mixtures [(O) fluorescence quantum yield: (®) fluorescence lifetime].
Bottom: fluorescence rate constants in mixed solvent systems [(O) di-
oxane-water mixtures; (@) dioxane-acetonitrile mixtures].

1-(Dimethylamino)-5-naphthalenesulfonic Acid (1,5-DNS)
and Amide (1,5-DNSA). The plots of the lowest energy ab-
sorption maxima vs. £1(30) for both 1,5-DNS, Figure 4,
top and 1,5-DNSA, Figure 5, top, show more scatter than
for the other compounds studied; however, a straight-line fit
through these points indicates no significant shift with in-
creasing solvent polarity. Conversely, the fluorescence max-
ima of 1,5-DNS, Figure 4, top, and 1,5-DNSA, Figure 5,
top, are highly sensitive to solvent polarity; as the solvent
polarity increases, the energy of the fluorescence maximum
decreases rapidly.

The relative fluorescence yields and fluorescence life-
times of these two molecules in acetonitrile-dioxane and
water-dioxane mixtures are shown in the middle of Figures
4 and 5. Figure 6, top, shows a similar plot for 1,5-DNS in
2-propanol-water mixtures. It is interesting that both mole-
cules in each binary mixture behave similarly to 1-DAN in
the water-dioxane mixture; i.e., the quantum yield and life-
time plots deviate significantly from each other. These
curves may or may not have a maximum, and their maxima
do not necessarily appear at identical solvent compositions.
The relative k¢ values are plotted vs. solvent composition at
the bottom of Figures 4-6. The & values of 1,5-DNS and
1,5-DNSA decrease as the solvent polarity increases; the
decrease is rather sharp for water-dioxane mixtures.
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Figure 3. Spectral data for 1-(dimethylamino)naphthalene (1-DAN).
Top: frequency shifts with solvent polarity [(O) lowest energy absorp-
tion maximum; (a) fluorescence maximum]. Middle: quantum yields
and fluorescence lifetimes in dioxane-water and dioxane-acetonitrile
mixtures [(O) fluorescence quantum yield; (®) fluorescence lifetime].
Bottom: fluorescence rate constants in mixed solvent systems {(O) di-
oxane-water mixtures; (@) dioxane-acetonitrile mixtures].

Examining the lowest energy absorption maxima of 1,5-
DNS and 1,5-DNSA in binary solvent mixtures, one finds
only slight solvent dependency as shown in Figure 7. Water
is more effective in causing a blue shift than is acetonitrile.
The fluorescence maxima of both compounds in acetoni-
trile-dioxane mixtures are sensitive to solvent polarity only
at low concentrations of acetonitrile; most of the red shift
occurs at acetonitrile concentrations below 10%. In diox-
ane-water mixtures, the fluorescence maximum shifts to
the red drastically at water concentrations below 15%. Be-
yond that, the red shift is smaller but is still proportional to
the water concentration, The red shift in water-dioxane
mixtures is significantly greater than for acetonitrile-diox-
ane mixtures.

2-(Dimethylamino)-6-naphthalenesulfonic ~ Acid (2,6~
DNS). The absorption spectra of 2,6-DNS in various sol-
vents show that the lowest energy absorption maximum
does not shift significantly as the solvent polarity is
changed, Figure 8, top. The fluorescence maximum shifts to
the red as the solvent polarity increases. The magnitude of
the shift in Figure 8, top, is about 2.0 X 103 cm™!, signifi-
cantly smaller than 3.0 X 10® em™! for 1-DAN, 3.2 X 10?
em~! for 1,5-DNS, and 4.4 X 103 cm™! for 1-DNSA.

Plots of ¢x/¢r and 7/ ¢ vs. solvent composition coincide
for both the acetonitrile-dioxane and water-dioxane sys-
tems, Figure 8, middle. These results imply that solvent po-
larity essentially has no effect on the magnitude of &y, as
shown in Figure 8, bottom.
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Figure 4. Spectral data for 1-(dimethylamino)-5-naphthalenesulfonic
acid (1.5-DNS). Top: frequency shifts with solvent polarity {(O) lowest
energy absorption maximum; (A) fluorescence maximum]. Middle:
quantum yields and fluorescence lifetimes in dioxane-water and diox-
ane-acetonitrile mixtures [(O) fluorescence quantum yield; (@) fluo-
rescence lifetime]. Bottom: fluorescence rate constants in mixed sol-
vent systems [(O) dioxane-water mixtures; (@) dioxane-acetonitrile
mixtures].

The corrected fluorescence quantum yields (18) and fluo-
rescence lifetimes for 1,5-DNS, 1,5-DNSA, and 2,6-DNS
were measured in a series of solvents and are listed in the
order of increasing solvent polarity in Table I. These data
indicate there is no systematic relationship between either
ET1(30) and ¢f or E1(30) and 7r. Water seems to lower the
fluorescence quantum yield of 1,5-DNS and 1,5-DNSA sig-
nificantly, but not that of 2,6-DNS. Hexane seems to lower
¢r relative to other nonpolar solvents. However, this may be
an artifact caused by low solubility.

In Table I, the most interesting feature is the variation of
fluorescence rate constant with solvent. The values for ks
are plotted vs. ET(30) of the corresponding solvents in Fig-
ure 9; clearly there is a decrease with increasing solvent po-
larity. The slopes of the lines for 1,5-DNS and 1,5-DNSA
are much greater than for 2,6-DNS. The ks for the former
two change by a factor of 2 or 3, whereas the total k¢
change for 2,6-DNS is less than 20%. The shifts in the fluo-
rescence maxima as a function of solvent for the three com-
pounds (Figures 4, 5, and 8) show the same relative varia-
tions.

Phosphorescence of 1,5-DNS and 1,5-DNSA. No signifi-
cant phosphorescence was detected for these two com-
pounds on our Aminco instrument. We had these results
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Figure 5. Spectral data for i-(dimethylamino)-5-naphthalenesulfo-
namide (1,5-DNSA). Top: frequency shifts with solvent polarity [(O)
lowest energy absorption maximum: (&) fluorescence maximum].
Middle: quantum yields and fluorescence lifetimes in dioxane-water
and dioxane-acetonitrile mixtures {(O) fluorescence quantum yield:
(®) fluorescence lifetime]. Bottom: fluorescence rate constants in
mixed solvent systems [(©O) dioxane-water mixtures; (@) dioxane-ace-
tonitrile mixtures].
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Figure 6. Spectral data for 1-(dimethylamino)-5-naphthaienesulfonic
acid (1,5-DNS) in 2-propanol-water mixtures. Top: quantum yields
and fluorescence lifetimes as a function of solvent composition {(O)
fluorescence quantum yield; (@) fluorescence lifetime]. Bottom: fluo-
rescence rate constant as a function of solvent composition.
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Table I. Fluorescence Quantum Yields, Lifetimes, and Rate Constants for 1,5-DNS, 1,5-DNSA, and 2,6-DNS in Various Solvents

H H H 7
Dielectric  E7(30), Quantum yield {¢¢) Lifetime (7f), nsec Rate constant X 107 (kf)

Solvent constant  kcal/mol 1,5-DNS 1,5-DNSA 2,6-DNS 1,5-DNS 1,5-DNSA 2,6-DNS 1,5-DNS 1,5-DNSA 2,6-DNS

Hexanes 1.890 30.9 0.19 0.31 0.39 4.3 8.1 6.9 4.42 3.83 5.65
Benzened 2.284 345 0.51 0.55 0.45 10.1 13.3 7.8 5.05 4.14 5.77
Dioxane 2.209 36.0 0.58 0.60 0.64 11.8 17.8 11.4 4.92 3.37 5.61
DMF 37.50 43.8 0.54 0.53 0.70 11.9 19.1 12.3 4.54 2.78 5.69
DMSO 46.70 45.0 0.59 0.61 0.93 13.2 20.2 16.3 4.47 3.02 5.71
CH,CN 37.50 46.0 0.38 0.37 0.49 9.2 14.6 9.3 4.13 2.53 5.26
2-Propanol 18.30 48.6 0.50 0.42 0.56 11.9 18.2 10.1 4.20 2.31 5.54
EtOH 24.30 51.9 0.46 0.39 0.54 12.9 171 10.2 3.57 2.22 5.29
Methanol 32.63 55.5 0.42 0.32 0.51 14.5 15.0 10.3 2.90 2.13 4.95
Formamide 109.5 56.6 0.48 0.37 0.46 17.5 16.4 8.8 2.74 2.26 5.23
Water 78.54 63.1 0.36 0.054 0.88 16.5 3.34 18.1 2.18 1.524 4.86
D,0 78.25 0.60 0.12a 0.93 26.7 8.4a 19.0 2.25 1.424 4.89

2Compounds not sufficiently soluble in pure solvent. Values obtained by extrapolation of data in mixed solvents.
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Figure 7, Effect of solvent composition on absorption and fluorescence
maxima [(O) I-(dimethylamino)-5-naphthalenesulfonic acid (1.5-
DNS) (®) 1-(dimethylamino)-5-naphthalenesulfonamide  (1.5-
DNSA)]. Top: dioxane-water mixtures. Bottom: dioxane-acetonitrile
mixtures.

checked by Professor J. D. Winefordner’s laboratory at the
University of Florida using a more sensitive instrument.
They could not detect any phosphorescence significantly
higher than the solvent blanks. We have attempted to ob-
serve the triplet state of 1,5-DNS, using flash photolysis,
without success. From these observations, we conclude that
triplet states do not play a significant role in the excited-
state processes of 1,5-DNS and 1,5-DNSA.

Discussion

In earlier studies,”® the fluorescence behavior of ANS
and TNS was interpreted on the basis of solvent relaxation
effects. Recently, fluorescence behavior of ANS derivatives
has been reported to arise from two excited states having
different geometrical configurations.2* The solvent relaxa-
tion explanation is inconsistent with our results, which have
revealed that solvent effects on spectral shifts and variation
of k¢ values for 1,5-DNS and its derivatives are much larger
than those of 2,6-DNS, despite the fact these two molecules
have similar structure and size. Also, the low fluorescence
quantum yield of 1,5-DNS in aqueous solutions cannot be
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Figure 8, Spectral data for 2-(dimethylamino)-6-naphthalenesulfonic
acid (2.6-DNS). Top: frequency shifts with solvent polarity [(O) lowest
energy absorption maximum: (A) fluorescence maximum]. Middle:
quantum yields and fluorescence lifetimes in dioxane-water and diox-
ane-acetonitrile mixtures [(O) fluorescence quantum yield: (@) fluo-
rescence lifetime]. Bottom: fluorescence rate constants in mixed sol-
vent systems [(O) dioxane-water mixtures; (®) dioxane-acetonitrile
mixtures].
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Figure 9. Fluorescence rate constants as a function of solvent polarity
[(3) 2.6-DNS:; (0) 1.5-DNS; (a) 1.5-DNSA].
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Figure 10. Calculated fluorescence quantum yields and fluorescence lifetimes in binary solvent mixtures: (upper curve) fluorescence quantum yield:

(lower curve) fluorescence lifetime. (A) Input data: fo/fp = 2.0; yn/fp = 10.0: vp/fp = 0.0: gp/fp = 2.0: K = 15. (B) Input data: fu/fp = 2.0: va/fp

=2.0; vp/fp = 1.0: gp/fp = 5.0: K = 20. (C) Input data: fn/fp = 2.0; va/fp = 2.0: vp/fp = 1.01; gp/fp = 5.0. K = 5. (D) Input data: f,/fp = 2.0:
0

Yalfo = 2.0, vp/fy = 0.5: gp/fp = 2.0, K = 20.

explained by a large enhancement of intersystem crossing
yield®-!! since we were unable to detect any significant
phosphorescence for these molecules in any solvent. There-
fore there must be additional factors causing the effects ob-
served for 1,5-DNS. The protonated species of 1,5-DNS
can be formed in an excited-state proton-transfer reac-
tion.2> However, under our experimental conditions the
aqueous solutions were neutral or slightly basic and many
of our studies were done in aprotic solvent systems. This,
coupled with the lack of spectral similarity to previous stud-
ies,?S indicates that the results of the present study cannot
be interpreted on the basis of excited-state equilibria. One
can, on the other hand, devise a reasonable explanation for
the experimental results assuming two emitting states of
1,5-DNS. We have devised a mathematical model which
explains our experimental observations and is justifiable by
the known excited-state behavior of the aminonaphthalenes.

Model for Excited-State Behavior. Assume there are two
closely spaced excited states of a molecule, a polar one, P,
and a nonpolar one, N. In a polar solvent, P is the emitting
state and, in a nonpolar solvent, N emits. In a binary mix-
ture of polar and nonpolar solvents, the emission observed
will be from a composite of the two states:

Sy = 0,{N) + o,(P)

where «a represents the fractional contribution of each state
to the composite state, Sy. The normalized coefficients ay
and ap can be given by:

- Sy
BT s, + K1 -8)

K1 -35)

%% =5+ KA - Sy

where S, and S, are the mole fractions of the polar and
nonpolar solvents, respectively, and X is a constant, defin-
ing the solvent dependence of ap and oy,

If the composite state, Sy, is due to true mixing of two ex-
cited states, an and ap will simply be the solvent-dependent
mixing coefficients. Such a model naturally assumes only a

o

small energy difference between N and P and neglects ef-
fects due to Jahn-Teller distortion. The model will be
equally valid for two excited states having different geome-
tries, as suggested by Kosower and Tanizawa,?* for which X
merely becomes the equilibrium constant for the solvent-
dependent distribution between the two geometries.

For the situation involving excited-state mixing, the ob-
served fluorescence rate constant for Sy will be a composite
of the rate constant for the two individual states:

Sy = anfy + Opfp

where f, and f;, are the fluorescence rate constants of the
polar and nonpolar states, respectively.

Similarly, the internal conversion (S; — Sg) rate con-
stant vy is

Yx = Op¥Yy T ayy,

where yp and vy, are the internal-conversion rate constants
for polar and nonpolar states, respectively.

If we assume that the polar solvent quenches fluores-
cence, the rate of quenching will be proportional to the con-
centration of polar solvent, therefore the pseudo-first order
quenching rate constant is gp[Sp] = gp(1 — §,), where gp is
the quenching rate constant of the polar solvent.

Thus the total fluorescence decay time, 74 in any given
solvent mixture, can be written as:

1
T Z T T vy + Rise + 4,01 = 5,)]

and the fluorescence quantum yield is

(1)

by = JFxTx (2)

The intersystem crossing rate constant is assumed to be
invariant with respect to x. It appears to be negligibly small
in the compounds studied here and subsequently will be ne-
glected.

Hercules et al. | Fluorescence of I-{Dimethylamino)-5-naphthalenesulfonic Acid
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Figure 11. Solvent effects on the 'L, and 'Ly, transition energies for 1-
and 2-aminonaphthalenes: P = polar state: N = nonpolar state.

Some sample calculations were performed using eq 1 and
2 to see if the model would qualitatively fit the data ob-
served for 1,5-DNS and 1,5-DNSA. These calculations
were done using various values for fu, fp, ¥n, vp, and X, as-
suming in all cases that the rate constant for intersystem
crossing was zero. All calculations were done in terms of ra-
tios of rate constants in order to avoid the necessity of es-
tablishing the absolute magnitudes of these values. The re-
sults of the calculations are shown in Figure 10. In all cases,
fluorescence quantum-yield curve is the upper curve, and
the fluorescence lifetime curve is the lower curve.

There is a striking resemblence between the curves gener-
ated in Figure 10 and the data obtained for 1,5-DNS and
its derivatives experimentally. The calculated curves in Fig-
ure 10A are very similar to the behavior of 1-DAN in
water-dioxane mixtures, shown in Figure 3. There is also
considerable similarity between Figure 10B and the behav-
ior of 1,5-DNS in acetonitrile-dioxane mixtures shown in
Figure 4. Figure 10C clearly resembles the behavior of 1,5-
DNSA in acetonitrile-dioxane mixtures shown in Figure 5.
Figure 10D shows similarity to the behavior of 1,5-DNS in
2-propanol-water mixtures as shown in Figure 6.

Although the above comparison is only qualitative, the
fact that curves of significantly different shapes can be gen-
erated simply by varying the parameters involved, and that
these shapes match very closely the shapes of curves ob-
served for the 1,5-DNS system, constitutes a strong argu-
ment that the model proposed has validity, and that 1,5-
DNS and its derivatives have different emitting states in
polar and norpolar solvents.

Excited States of Aminonaphthalenes. Platt?® has termed
the two lowest = — «* transitions for polyacenes as !L, and
'Ly. For naphthalene, the 1L, state is lower in energy than
'L, by about 3400 cm~' and is long-axis polarized. The 'Ly
orbital wave functions have nodes between the B-carbon
atoms and at the a-carbon atoms. The 'L, state is short-
axis polarized, and its orbital wave functions have their
nodes at the carbon atoms fusing the two rings and a large
density on the a-carbon atoms.2” Because of the difference
in electron distribution in the two excited states, a substitu-
ent at the 1 position of naphthalene will interact more effec-
tively with the 'L, excited state than with the 'L, state;
conversely, 2-position substituents will interact more
strongly with the 1L, state.

In aromatic systems, intramolecular charge-transfer
transitions arise from mixing of the = — =* transition of
the aromatic ring with the lone-pair transition from the
amino group, designated | — =* by Kasha.2® Such a mixed
transition will occur in |-aminonaphthalenes involving the
1L, transition of naphthalene and the lone pair of the
amino group. The !L, band of l-aminonaphthalene has
much less charge-transfer character and remains essentially
a w — 7w* transition. Conversely, in 2-aminonaphthalene,
the 1Ly band will acquire charge-transfer character, while
the 1L, band will remain largely a # — 7* transition.

Figure 12, Vector model for aminonaphthalenes [(&) 1-aminonaphth-
alene; (§) 2-aminonaphthalene]. See text for explanation.

Nishimoto et al.'4!5 have done calculations on the elec-
tronic transitions of substituted naphthalenes. They predict
that all transitions of 1-aminonaphthalene, in particular the
11, transition, are shifted to the red relative to those of
naphthalene. These shifts result in a smaller energy gap
(~1400 cm™!) between the 'L, and 'L, bands with 'Ly still
remaining as the lowest excited state. They also found the
energy shifts of the # — «* transition of 2-aminonaphth-
alene cause a larger energy gap between the 1L, and 'L,
bands. This prediction is in agreement with the experimen-
tal observations of Brand et al.!3 These results are summa-
rized in Figure 11 for 1-substituted aminonaphthalenes
(right-hand side) and 2-substituted aminonaphthalenes
(left-hand side).

The lowest energy absorption bands of the aminonaphth-
alene derivatives are relatively insensitive to solvent polari-
ty, whereas the fluorescence spectra are highly solvent sen-
sitive. This effect has been explained by the large increase
in dipole moment () upon excitation,® Mataga?® suggested
that the increase in dipole moment was caused by a change
in the configuration of the amino group from tetrahedral
(sp?) in the ground state to trigonal {(sp?) in the equilibrium
excited state, S;. This suggestion has been applied by El-
Bayonmi, et al.3? to explain the anomalous difference be-
tween the observed and calculated fluorescence lifetimes of
2-aminonaphthalene. A similar idea has been used by Ko-
sower and Tanizawa?* to explain the fluorescence of 2-(N-
arylamino)-6-naphthalenesulfonates.

Schulman and Capomacchia3! have shown that the sec-
ond absorption band (!L,) of 2-aminonaphthalene does not
shift as much as the lowest absorption band (L) on pro-
tonation; the second band is not as sensitive to 3 substitu-
tion. They indicated that a change in the electronic configu-
ration of the amino groups upon excitation may cause the
11, state of 2-aminonaphthalene to be more polar than the
'L, state. These results are consistent with a simple vector
analysis as shown in Figure 12.

The two vectors (1-AN and 2-AN) correspond to the di-
pole changes of 1- and 2-aminonaphthalenes because of
electronic-configuration changes of the amino group. The a
and b axes are the short and long axis of naphthalene, re-
spectively, i.e., the axes of the 'L, and 'Ly transitions. The
projection of the dipole change from 2-aminonaphthalene
(solid arrows) is larger on the b axis than on the a axis. In
the case of 1-aminonaphthalene, the situation is reversed
(open arrows). Thus one can see that the 'Ly transition of
2-aminonaphthalene has a larger dipole change than !L,
but, for 1-aminonaphthalenes, the converse is true. There-
fore, for 1-aminonaphthalene, L, is the polar (P) state, and
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11y, is the nonpolar (N) state; for 2-aminonaphthalene, Ty
is the polar (P) state, and 'L, is the nonpolar (N) state.

How these factors affect the relative energies of the ex-
cited states of the aminonaphthalenes is summarized in Fig-
ure 11. In 2,6-DNS (shown on the left), the major charge-
transfer interaction will involve the 1Ly, state; thus it will be
polar and lowered in energy relative to the 'L, state and to
the 'Ly state of naphthalene. In a polar solvent, the major
polar interaction will lower the 'Ly state further. Note, the
11, state will be the emitting state both in polar and nonpo-
lar solvents.

For 1,5-DNS (shown on the right), the main charge-
transfer interaction involves the 'L, state, lowering it signif-
icantly relative to the 'L, state of naphthalene; the 'Ly state
of 1,5-DNS is close to that of naphthalene and only ca.
1400 cm™! below the !L, state. In a polar solvent, the major
polar interaction will involve the 'L, state of 1,5-DNS and,
if this interaction is sufficiently large, the 1L, state can have
lower energy than the 'Ly, as shown. This means that, in
1,5-DNS and similar compounds, solvent polarity will gov-
ern which is the emissive state. If the energies of the 'L,
and !Ly states are nearly equal, state mixing will occur, and
the emission characteristics observed would be a composite
of those for the individual states. This is entirely consistent
with the mathematical model proposed above, and with our
experimental observations on 2,6-DNS and 1,5-DNS and
its derivatives.

Ore difficulty in interpreting the data for 1,5-DNS is
that we have no direct proof of the assumption that inter-
system-crossing yield is either negligible or constant. The
observation ¢p = 0 is a good indication that this is valid,
but intersystem crossing, coupled with radiationless decay
of the triplet, could also give ¢p = 0. The nonradiative rate
constant for 1,5-DNS is (knr)H,0 = 3.88 X 107 sec™! in
water and (knr)p,o = 1.50 X 107 sec™! in deuterium oxide;
for 1,5-DNSA, (kgr)u,0 = 28.48 X 107 sec™! in water, and
(knr)Dy0 = 10.48 X 107 sec™! in deuterium oxide, where kn,
= kic + kisc + gp. The intersystem crossing transition which
is allowed through spin-orbit coupling should not be af-
fected by solvent deuteration, and thus ki should be con-
stant. The internal-conversion rate (ki) which depends on
the magnitude of the energy gap and the Franck-Condon
factor between the excited state and the ground state should
also be insensitive to solvent deuteration. Therefore, the
nonradiative transition is mainly caused by solute-solvent
vibrational relaxation. The large difference in (knr)u,0 and
(knr)D,0 is attributed to the difference in vibrational cou-
pling of the O-H stretching modes and O-D stretching
modes of water and deuterium oxide, respectively. Solvent
relaxation has been treated as quenching by the polar sol-
vent in our mathematical model. Therefore gp, the polar
solvent quenching factor, depends not only on the solvent
polarity but also on its vibrational modes. Our conclusion is
that gp > kise, and that the latter can be neglected.

Mixing of States. Vibronic interaction always plays an
important role, in terms of perturbation theory, in the mix-
ing of two states. By applying the adiabatic approxima-
tion,32 adiabatic wave functions of the perturbed electronic
states can be written in terms of the vibrational nuclear dis-
placement Q:

$,Q = a@¥('L,) + BQw(L,)
$,Q) = -3@Q¥('L,) + «@Qw(L,

where a(Q) and 3(Q) are normalized mixing coefficients.
The radiative rate constant corresponding to these per-
turbed states would be either (kf); = a?k¢(1L,) + 82k:(1Ls)
or (k)2 = B%ke(1L,) + a?k¢('Ly) depending upon which
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Table II. Transition Moments for Aminosulfonates
kel g, D
Solvents 2,6-DNS 1,5-DNS 1,5-DNSA
Hexane 2.62 2.62 2.54
Benzene 2.49 2,61 2.62
Dioxane 2.57 2,72 2.58
DMF 2.65 2.58 2.49
DMSO 2.62 2,51 2.5§
CH,CN 2.70 2.60 2.59
2-Propanol 2.60 2.60 2.35
Ethanol 2.62 2.53 2.36
Methanol 2.65 2.41 2.43
Formamide 2.60 2.28 2.44
Water 2,78 2.37 2.37
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Figure 13, Transition moments as a function of solvent polarity. Top:
2.6-DNS. Middle: 1,5-DNS. Bottom: 1,5-DNSA.

state is emitting. As 'L, and 'Ly, are degenerate or nearly
degenerate a &~ B8 =~ Y%, (k)12 = Y%ke(Ly) + %k(Ly).
This serves to explain why, when 1L, has shifted from just
slightly above 'Ly, to just below 'Ly, one would not observe
a discontinuity in the k¢ vs. E1(30) curve,

It should be possible to correlate the transition moment
for 1,5-DNS and derivatives |i®s,—~s] with measured k¢
values, via the Einstein spontaneous emission coefficient
Ary:

1 _ 647! o 5y —a 2
. Ry = Ay = 3% Ve “Leshso‘

where # is the index of refraction, 4 is Planck’s constant, vy
is the mean frequency of the fluorescence spectrum. The
calculated values of | z¢'s, s, are shown in Table Il and are
plotted vs. ET(30) value for 2,6-DNS, 1,5-DNS, and 1,5-
DNSA in Figure 13,

In “nonpolar’” solvents, E1(30) < 45, the |a| values of
these three compounds are all about equal, approximately
2.6 D. This result indicates that the emitting state of all
three compounds in nonpolar solvents is the 'Ly state. As
the solvent polarity increases, the |z value of 2,6-DNS in-
creases slightly in a continuous fashion. This supports the
idea that the emitting state of 2,6-DNS is the same in both
polar and nonpolar solvents.

The magnitudes of |&| for 1,5-DNS and 1,5-DNSA de-
crease slightly with increasing solvent polarity and then
both drop abruptly at Et(30) =~ 50. The minimum value of
|4 for 1,5-DNS occurs at ET(30) = 56 and for 1,5-DNSA
at E1(30) ~ 50. Such a discontinuity of | 4] values for 1,5-
DNS and 1,5-DNSA constitutes strong evidence that inver-
sion of excited states takes place in polar solvents.

Hercules et al. | Fluorescence of 1-({Dimethylamino)-5-naphthalenesulfonic Acid
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The results shown in Figure 13 indicate a lower dipole
moment for the 1L, state than for !Ly. One should bear in
mind that the so-called 'L, transition is no longer a strong 7
— ar* transition; the large amount of charge-transfer char-
acter has reduced its transition moment, and thus z('L,) <
2('Ly) is reasonable in this particular case. The 'L, state is
also strongly solvent sensitive, and its || value increases
with solvent polarity after the inversion; hence there is no
doubt that 'L, of 1,5-DNS is a polar state.

In Figure 13, most of those points which deviate from the
curves are for solvents where solubility problems were en-
countered. Error arises from measurement of kr and ¢ since
these values are extrapolated instead of being measured di-
rectly. For instance, 1,5-DNSA has low solubility in water;
the measurements of ¢r, 7¢, and 5 were done by extrapolat-
ing from water-ethanol mixtures; the very low value of ¢¢
and ¢ also will cause a high percentage of error, which will
be multiplied in the calculation of | 4].

Calculated values of |pfls,-~s/e values of 2,6-DNS
range from 0.54 A in nonpolar solvents to 0.57 A in water.
Unfortunately there is no direct comparison with Brand’s
| Mels, s /e value,'® however, by estimating this value,!3 it
should be about 0.40 A. Therefore, because |ac's,—s /e is
greater than |f's,.—s | /e, the excited-state dipole moment is
indeed larger than that of the ground state. The calculated
|at's, s /e for 1,5-DNS is 0.54 A for 'L, and 0.48 A for
1

a-.
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Abstract: The CD spectra of (R)-1-(1,2,2-trimethylpropyl)pyrrole {(R)-1] and (S)-1-(1-phenylethyl)pyrrole [($)-2] in hex-
ane give evidence for the existence of a weak electronic transition of pyrrole between 230 and 240 nm which in the uv (isotro-
pic absorption) spectrum is usually hidden under the tail of the more intense absorption band around 210 nm. The uv spec-
trum of (R)-1 shows a maximum at 216 nm (e 6400) and a shoulder near 202 nm (e 4400). The CD spectrum displays a
weak maximum at 236 nm ([f] —670), a shoulder near 215 nm ({f] —8300), and a strong maximum at 200 nm (16]
—17,000). The Cotton effect at 236 nm is intensified by a phenyl substituent, and (S)-2 shows a very intense maximum at
238 nm ([#] +11,000). Based on the CD observations in conjunction with CNDO/S calculations, the 236- and 216-nm
bands of the 1-pyrryl chromophore are assigned as A; <= A, and By «<— A, transitions of pyrrole, respectively, and the shoul-

der at 200 nm to the By «— A; and A < A, transitions.

Until recently it was generally accepted that the uv (iso-
tropic absorption) spectrum of pyrrole in hexane consists of
a strong band in the vicinity of 210 nm (¢ 5100) and a less
distinct band near 240 nm (e 300).* However, it has been
demonstrated with highly purified pyrrole that the long
wavelength band in earlier measurements was the result of
impurity.’ Our purpose now is to present evidence from the

CD spectra of chiral N-substituted pyrroles for the exis-
tence of a weak electronic transition of pyrrole between 230
and 240 nm® which in the uv spectrum in hexane is usually
hidden under the tail of the more intense band around 210
nm.” On the basis of the CD observations in conjunction
with CNDO/S calculations, we also assign this weak elec-
tronic transition as well as the other transitions responsible
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