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Absorption and Fluorescence Properties of Cyanine Dyes

Richard C. Benson* and Henry A. Kues

Applied Physics Laboratory, The Johns Hopkins University, Laurel, Maryland 20810

The absorption and fluorescence properties of a variety of
cyanine dyes in dimethyl sulfoxide solutions have been
determined. The wavelengths of the absorption and
fluorescence maxima and the fluorescence quantum yield
relative to sodium fluorescein have been measured. The
results are discussed in relation to the molecular structure.

During the course of our research to evaluate indicator sub-
stances that could be used in the study of the retinal and cho-
roidal circulation in the eye, a substantial amount of data was
obtained regarding cyanine and merocyanine (or polymethine)
dyes. Although the polymethine dyes are widely used as pho-
tographic sensitizers, in dye lasers, as saturable absorbers for
passively Q-switching lasers, and as molecular probes of
membrane potential, there does not appear to be a compilation
of the spectral data of these compounds in the literature. in fact,
very little has been published regarding fluorescence properties
at wavelengths longer than 700 nm. We have correlated the
spectral properties of the polymethine dyes with their molecular
structure in order to predict the wavelengths of maximum ab-
sorption and fluorescence and to roughly estimate the fluores-
cence quantum yield.

Experimental Section

A Beckman DK-2 spectrometer was used to measure the
absorption spectra. A schematic of the fluorescence apparatus
is shown in Figure 1. Note that because our work was ultimately
for ophthalmic applications, the fluorescence was detected in
a direction parallel to the excitation light instead of the usual 90°
configuration. A 75-W xenon lamp was used as the excitation
source, and the output was filtered by a SPEX Model 1670 mo-
nochromator; the slit width was 2.5 mm (10 nm band-pass). The
excitation light was focused on the sample cell (1-cm cuvette)
by a 30-cm spherical mirror. The fluorescence from the sample
was coupled out through a 5-cm diameter hole in the center of
the mirror, modulated by a mechanical chopper, and focused
on the slit (0.5 mm, 5 nm band-pass) of a Perkin-Elmer Model
83 monochromator. The fluorescence detector was an RCA
4832 photomultiplier tube (PMT) which has a rather flat response
from 400 to 850 nm. (For wavelengths longer than 850 nm, an
RCA C31004A PMT was used.) The PMT output was preamplified
and phase-sensitive detected at the modulation frequency using
a lock-in amplifier. The lock-in output was then chart record-
ed.

All measurements were made at ambient conditions without
extensive temperature regulation or solvent degassing. The dyes
were obtained from several manufacturers (see Table {) and were
used without further purification.

The fluorescence quantum yield of the cyanine dyes was
measured relative to sodium fluorescein in distilled water. The
optimum fluorescein concentration for the 1-cm cuvette was
0.1g/L (2.7 X 10™*M). The quantum yields have been corrected
for the spectral response of the apparatus components.

Results and Discussion

The spectral results are summarized in Table | according to
the basic molecular structure. A, refers to the wavelength at
which the absorption was found to be a maximum. The excitation
wavelength (Ag,) refers to the actual wavelength setting of the
source monochromator which produces the maximum sample
fluorescence. Note that A, was not corrected for the spectral
variations of the source, and since the intensity of the xenon
lamp varied with wavelength, A, did not necessarily coincide
with Aps.

Although we were primarily interested in aqueous solutions
for the ophthalmic applications, the majority of the dyes were
not sufficiently soluble in water. In order to compare the results
from a variety of dyes, dimethyl sulfoxide (Me,SO) was used
since most of the dyes were readily soluble in it. Studies of the
concentration dependence of fluorescence in Me,SO for several
dyes indicated the maximum fluorescence occurred at ap-
proximately 0.1 g/L. This concentration was used in all of the
fluorescence measurements reported in Table I.

As mentioned above, the fluorescence quantum yield has
been corrected for the spectral response of the apparatus.
However, the majority of the dyes are rather impure (3) and,
therefore, the quantum vyields should be considered for general
trends rather than for comparing individual dyes. For example,
it is evident from Table | that dyes possessing the 4,4'- or
2,2'-quino structure and the merocyanines generally have low

Chart Recorder

Lock-in
amplifier

Reference
Preamp

Chopper
SPEX
N — Monochromator 75 Watt

~ — - Xenon lamp

_—) - -
¥ Tabel S = z s
Detector 1 ,/—ﬂSample - -—“H_,

‘- —_
/ -
’ —
Monochromator —_

Perkin-Elmer
Figure 1. Schematic of apparatus used in measuring fluorescence
spectra.
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Table Il. Correlation of Absorption and Fluorescence
Wavelengths with Molecular Structure for Cyanine Dyes in
Me,SO

Aabva Aﬂib
Nuclei nd nm nm
0 1 490 515
©[N>= 2 585 620
| 3 680 740

R
Me Me 1 550 590
_ 2 650 690
N 3 750 790

h
O Me Me 1 570 610
2 680 720
= 3 795 835

N

]

R
] 1 560 595
(N>= 2 660 695
i 3 760 795

R

] 1 560 590
N = 2 660 690
| 3 765 810

R
] 1 600 630
‘ NS 2 700 740
) 3 815 855

R
m 0 530 550
NX 1 615 650
| 2 720 760
R 3 820 865
1 705 740
2 790 840
R=N_ )= 3 865 940
] 0 650 700
@N>= 1 750 810
| 2 860 900

R

with dimethylcyclohexene
substituted in bridge

Merocyanine, 1 530 590
2-thia derivatives 2 640 675
3 750 760

an refers to the length of the cyanine bridge (see Table I).
b The listed wavelengths are average values derived from the
results in Table |. A ps and Aq for individual dyes will gen-
erally be within 20 nm of the average values.

fluorescence quantum yields, while the other dye structures have
quantum yields ranging from roughly 0.1 to 0.5.

It is obvious from the results in Table | that a correlation exists
between the length of the cyanine bridge and the wavelengths
of maximum absorption and fluorescence, i.e., the longer the
bridge, the longer the wavelength. (It should be emphasized that
the presence of impurities in the sample was found to have a
negligible effect on the wavelengths of the absorption and flu-
orescence maxima.) The correlation between the molecular
structure and the wavelength of the absorption maximum has
been known for some time (1, 2), and it was expected that the
wavelength of the fluorescence maximum would exhibit a similar
correlation. The fluorescence maxima for various nuclei are
listed in Table Il. The length of the cyanine bridge largely de-
termines the wavelength, and for each —CH==CH group the



wavelength increases by roughly 100 nm. However, there is a
practical limit to the length of the straight-chain chromophore
since the stability of the molecule is greatly reduced for n > 3,
Thus, a long wavelength requires substitution of a chemical
group in the bridge to increase the stability of the long cyanine
chain. An example of such a stabilization is the use of dimeth-
ylcyclohexene as the bridge substituent. It should be noted that
substitution on the bridge (as opposed to in the bridge for sta-
bilization) generally decreases the wavelength and the fluo-
rescence quantum yield; e.g., compare G-1645 and G-2905 with
NK-2075 in Table I.

The heterocyclic nuciei also affect the wavelength, but to a
lesser degree than the chromophore length. The oxa derivatives
are at shorter wavelengths than the corresponding thia (and
selena) derivatives, and substitution of a benzene group on the

Volumetric Properties of Some Single

Surender K. Jain
Hindu College, University of Delhi, Delhi-110007, India

Densities of molten (Mg, Ni, Mn)(NO3),*6H,0, Fe(NO;);°
6H,0, FeCl;*6H,0, and (Al, Cr)(NO3)3°9H.0, from
temperatures far above their melting points to well below
into the supercooled region, were measured. In all cases
the density and the equivalent volume varied linearly with
the temperature, over the range of investigation. The
equivalent volumes appear to be governed by the number
of molecules of water of hydration per equivalent of
cationic charge.

Low liquidus temperatures, strong supercooling, and glass-
forming tendencies generally exhibited by hydrated melts have
given them an exclusive status in the field of solvents for carrying
out low-temperature studies, e.g., the molecular and ionic re-
laxation processes in the long time domain (2, §, 8, 9, 12), as
glassy matrices for trapping and studying the subsequent re-
actions of radiolysis products (8), and as a media for low-tem-
perature electrochemical { 74) and spectroscopic investigations
(7, 3). Thus, any study aimed at obtaining information about the
fundamental properties of such systems is expected to be
beneficial for a better understanding of these systems, at least
indirectly.

Precise density data are required for an adequate interpre-
tation of certain other experimental parameters, such as
equivalent conductivity, molar refraction, etc. Its variation with
temperature and composition can yield information regarding
the changes taking place in the melt structure. in molten binary
nitrate mixtures the additivity of volumes has been reported by
various workers (70, 13). For molten mixtures containing tet-
rahydrates of calcium and cadmium nitrates and monovalent
nitrates, the additivity of volumes has also been reported by
Braunstein et al. (4) and Jain (7). Moynihan et al. ( 77) has shown
through 'H NMR studies that the molten mixtures of tetrahydrates
of calcium and cadmium nitrate behave idealy over the entire
composition range. Thus, it appears that the principle of additivity
provides a useful basis for estimating the equivalent volumes
of the mixtures in such systems from the limited density data.
These considerations prompted this study regarding the density
measurements in certain single molten hydrated salts of bi/tri-
valent metal nitrates and chioride.

nuclei at the 4,5 position increases the wavelength by 20-40
nm.

In summary, the spectral properties of a wide range of cyanine
dyes have been measured. The absorption and fluorescence
maxima of the dyes were found to correlate rather well with the
molecular structure, and the fluorescence quantum yield can
be roughly estimated on the basis of the molecular structure.
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Molten Hydrated Salts

Experimental Section

The source and the quality grade of the salts used in this study
are the following: Ni(NO3).+6H,0, BDH (England), Laboratory
Reagent; Mg(NO3).-6H,0, BDH (India), Analytical Reagent;
Fe(NO3)3-6H-0, Riedel (Germany), Guaranteed Reagent;
Mn(NO;),-6H,0, Riedel (Germany), Guaranteed Reagent;
Cr(NO3)3-9H,0, Ortanal (ltaly), Analytical Reagent; Al(NOj)s-
9H,0, E. Merck (Germany), Guaranteed Reagent; FeCl;-6H,0,
BDH (india), Laboratory Reagent.

The melting temperatures of these salts, determined by the
cooling curve method, are included in Table |. Agreement be-
tween the experimentally measured liquidus temperatures and
those reported in literature ( 76) leads one to believe that the salts
were of the stoichiometric composition as reported by the
manufacturers. This, however, was verified in the case of
Mg(NO3).+6H,0 by the EDTA titrimetric method; ferric and nickel
salts were verified by standard gravimetric methods ( 15). Re-
peated cross checks established the water content in these salts
within +£0.02 of the stoichiometric value.

The salts were fused in small flasks (ca. 100 cm?) provided
with air-tight ground-glass stoppers and were maintained at
60-70 °C for a few hours after fusion. The dilatometer originally
designed by Husband (6) was modified so as to allow a direct
measurement of the volume of a known amount of the melt. The
details regarding the dilatometer, its calibration and measuring
technique, etc., were similar to those reported earlier (7).

Results and discussion

The density and equivalent volume data for all the salts in-
vestigated in this study are recorded in Table I. The variation of
density and the equivalent volume with temperature could be
expressed by linear equations of the type

plgcm™3) = o — §t(°C)
Vo(cm3 equiv™") = A 4+ Bt (°C)

The coefficients «, 5, and A, B are the characteristic of the melt;
these are presented in Table li. Table il includes the equivalent
volumes, the expansion coefticients (at 75 °C), and the crys-
tallographic radii { 76) of the cations. The results indicate that the
volume per gram equivalent of nitrate ion is aimost insensitive
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