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I. Introduction

Due to the recent development of specialized “in-
novative” or “functional” dyes there has been renewed
interestin the area of organic dyes.! Onearea of interest
is that of optical recording technology where gallium
aluminum arsenide (GaAlAs) and indium phosphide
(InP) diode lasers are widely used as a light source.
Since dyes absorbing in the near-infrared (near-IR)
region (i.e. beyond about 700 nm (= 0.7 um) in
wavelengths and less than about 14 000 cm™ (= 1.4
um™) in wavenumbers) are required and the oscillator
wavelengths fall in the near-infrared region, they are
suitable applicants.

Literature data on near-IR dyes is extremely limited.
Recent books on color chemistry? contain only sparse
information and only a few references have appeared.?
Some dyes have, however, been discussed in other
contexts such as quantum electronics and optoelec-
tronics.*

The first near-infrared (near-IR) absorbing organic
compounds were synthesized at the beginning of this
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century. Comparison of the visual color of oxidation
products of phenylenediamines and benzidines led J.
Piccard to the conclusion that light absorption of them
should occur in the near-IR region.® This prediction
was confirmed decades later when spectral curves were
recorded.® Various near-IR polymethine dyes became
accessible at the beginning of the 1930s and proved
very useful in photographic sensitization up to 1300
nm.” Some natural porphyrines® as well as various
related synthetic cyclic chromophores® proved to be
near-IR absorbing dyes. Compounds absorbing atlong
wavelengths in the visible and near-infrared region are
now generally called “deeply colored” dyes.

This review includes near-IR chromophores which
absorb light due to their =-electronic systems. Both
closed- and open-shell structures are discussed. The
multitude of spectral data necessarily requires some
arbitraryselection. Attempts have been made toselect
representative examples. In this review attention has
also been directed toward the most recent fields of
application. Chromophoric systems that are not of
practical use because of their low stability or low
absorption coefficients are mentioned only in passing.

I1. Application of Near-IR Dyes

A. Optical Recording

Near-IR dyes are important in the optical data storage
field, particularly, in the DRAW (Direct Reading After
Writing) or WORM (Write Once Read Many) disk
which is used for recording. The first system using the
DRAW disk was developed by Philips in 1978. The
DRAW disk in the heat-mode system using organic near-
IR dyes is currently available.

The DRAW disk, as shown in Figure 1, consists of a
plastic substrate such as transparent polycarbonate or
poly(methylmethacrylate) and a recording layer con-
taining near-IR dyes formed through vacuum evapo-
ration or the spin coating technique. The recording
(writing) process on a DRAW disk is achieved as follows.
A micropit (diameter 1 um) in the recording layer is
formed by thermal energy transformed from the
photoenergy of a laser beam of 20-30 W. The diameter
of the micropit depends on the spot formed by the laser
beam. In the reproducing (reading) process the pres-
ence of pits is detected through differences in reflectivity
using a laser beam of weak power (approximately one-
tenth of that for writing). The signal is picked up by
a photodiode for subsequent reproduction. The
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wavelength at 780 nm of the commercially available
GaAlAs diode laser is used for the writing process and
that of 830-840 nm for the reproducing process.

For use in such a DRAW disk, organic colorants need
to have an absorption band in the near-infrared region
since a GaAlAs diode laser is used as the laser source.
The near-IR dyes must also reflect the laser beam in
the reproducing process. The reflectivity qualitatively
increases with increasing absorbance. Thus, the re-
cording and reproducing sensitivity depends on ¢, and
dyes having a large ¢ give an acceptable signal-to-noise
ratio. Another necessary property of organic near-IR
dyes is reasonable solubility in the appropriate organic
solvents. This is because the recording layer is mainly
formed by the spin-coating technique. Sincearecorded
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Figure 1. Principle of recording and reproducing of the
DRAW disk.

disk has to have a working lifetime of 10 years or more,
photofading of the near-IR dye by the laser beam in
the reproducing process and by sunlight has to be
minimized.

Currently, indolinocyanine dyes, triphenylmeth-
ane dyes, naphthalocyanine dyes, and indonaphthol
metal complex dyes are commercially available
for use as organic colorants in DRAW disks. Several
review papers as well as a book on the applications of
organic dyes in optical recording systems have been
published.!ab:4bd.e,10

Signal Out
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Cyanine dyes can only be used if the lightfastness is
improved by additives (cf. section IV.B). Phthalocy-
anine and naphthalocyanine dyes have poor solubility
in organic solvents. Their solubility is improved by
the introduction of bis(trialkylsiloxy)silyl groups!! at
the central metal atom and of branched- or long-alkyl
chains!? into the naphthalene rings. A thin (100 nm)
layer of a sublimable 1,4-naphthoquinone near-IR dyes
is applied to the optical disk by vacuum evaporation.!®

Dyes exhibiting the phenomenon of photochromism
may prove important for use in erasable disks. If
photochromic dyes are applied to the erasable disk for
the diode laser, the colored form should absorb in the
near-IR region. Spiropyran derivatives!4 as shown in
Scheme I can be applied to the erasable disk system.
The colorless spiropyran 1 on a suitable substrate
undergoes color generation to 2 (Anaex = 750 nm) on
irradiation with UV light. Irradiation of 2 with a diode
laser or with visible light gives 1. Loss of 50% of the
absorbance for colored 2 after 9-10 photochromic cycles
however prevents any practical application.!2>1® Fulgide
derivatives!® as well as spiropyran dyes show photo-
chromism through irradiation with both UV and visible
light as well as and good recycling characteristics. Their
colored forms, however, absorb in the visible region
(500-600 nm).

B. Thermal Writing Displays

Thermal addressed displays, where the heat input is
provided by a laser beam or heat pulse current, have
been known for several years.!® It is generally accepted
that the thermal writing liquid crystal display is most
promising because of its intrinsic memory ability. When
a laser beam is used to write information onto a liquid
crystal panel, the optical energy of the laser beam should
be effectively converted into thermal energy. In order
to increase writing speed and to decrease laser power,
a special absorbing layer made of infrared absorbing
dyes is introduced. By using thermo-electro-optical
effects of smecticliquid crystal (LC) materials, two types
of display systems have been developed, namely, a
projection display and a flat panel display.1®

Urabe et al. discussed the application of near-IR dyes
in thermal writing displays.!” The most common type
of infrared dyes are the cyanine dyes, which are known
as laser dyes for infrared lasing. Generally they have
high absorption coefficients and high dichroic ratios,
which in this case are highly desirable characteristics.
Some of them can be dissolved in LC materials.
However, their lack of durability is a serious problem.
Furthermore, the alignment of the LC material is
destroyed by decomposed cyanine dyes. Some metal
chelate compounds have absorptions in the infrared
range and show a very high solubility in LC material.
However, the absorption coefficients of these types of
dyes are small, so that large amounts of dye would have
to be dissolved. This would adversely affect the physical
properties of the host LC material. Taking these facts
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into consideration, the squarylium dyes such as 3
(Scheme II) have been selected for practical applica-
tion.!” Squarylium dyes are more durable than cyanine
dyes. Moreover, they have absorption characteristics
similar to cyanine dyes. The absorption maxima of 3
is at 780 nm, which is close to the wavelengths of the
GaAlAs laser used in projection displays. The molar
absorption coefficient of 3 is 1.15 X 10°* M cm™, and
the dichroic ratio in the smectic LC is 6.4. Nagae et al.
have also reported the use of an infrared absorbing dye
toimprove the writing speed of the light pen function.!®
The also used the pleochroic naphthalocyanine dye 4
to improve viewing angle characteristics in a manner
similar to that by Lu et al.!®

C. Laser Printer

Electrophotography has grown in the past two
decades from more humble uses as office copier and
duplicator applications to surpass other conventional
printing methods because of its outstanding charac-
teristics of high speed and high print quality. Now,
laser printers based on the same printing principle as
electrophotography are widely used for computer
printouts or multiple peripheral printers in office
workstations and facsimiles.?® In the case of laser
printers, the light source is currently the GaAlAs diode
laser which emits near-IR light with wavelengths of
around 800 nm. Special photoconductive materials
sensitive to near-IR wavelengths are needed. At
present, many kinds of organic infrared absorbing dyes
are applied as photoreceptors in laser printers. They
can be divided into four groups based on their chro-
mophoric systems: phthalocyanines, azo pigments,
squarylium pigments, and others. The phthalocyanines
have the widest application in practical photoreceptors.
They are conventional metal-free or two-valent metal
phthalocyanines, transformed into special crystal struc-
tures, and three- or four-valent metal phthalocyanines,
having intrinsic absorptions in the near-IR region.
Special trisazo pigments were designed, synthesized,
and used in laser printers. Squarylium dyes are new
potentially useful candidates. They show quite strong
absorption in the near-IR region and are being mar-
keted. There are problems associated with the use of
perylene pigments in diode lasers due to the difficulty
in achieving strong absorption. Other types of pyr-
rolopyrroles or azulenium salts are also being actively
developed, and their application in printers is being
tested.

The first commercial organic photoconductor (OPC)
was the poly(vinylcarbazole) and trinitrofluorenone
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complex material developed by IBM in 1969.2! It was
asheet-shaped mono-layered photoreceptor. Presently,
dual-layered type OPCs are more popular since they
have expanded capabilities.

The dual-layered photoreceptor is composed of a
charge transport layer (CTL) and a charge generation
layer (CGL), which, alternately, are coated on a
conductive substrate. The charging polarity is negative
(minus) for this type of OPC in order to make better
use of the high hole mobility of the CTL. The imaging
light exposure passes through the transparent CTL and
reaches the CGL to generate charged photocarriers.
The sensitivity of the photoreceptor depends mainly
on three characteristics, namely, the charge generation
efficiency of the CGL material, the charge transport
efficiency of the carrier mobility of the CTL material,
and the injection efficiency between the CTL and the
CGL.22%

Near-IR absorbing dyes for use in charge generation
material (CGM) have been intentionally developed to
fit their spectrosensitivities for use with diode lasers
emitting a wavelength of about 800 nm. Phthalocya-
nines are the oldest organic semiconductors known, and
many reports have been published concerning their
electrical properties.?* Phthalocyanines show crystal
polymorphism and particular special crystal forms show
near-IR photoconductivity. The x-form metal-free and
copper phthalocyanines,? e-form copper phthalocya-
nine,? and a 7-form metal-free phthalocyanine?” have
characteristic strong absorption maxima in the near-
IR region and the good photoconductivity has been
attributed to this absorption. Aggregated magne-
sium?2® or zinc phthalocyanines®® have also been
studied.

A second type of phthalocyanines used in diode lasers
includes three- or four-valent metal complexes. Alu-
minum, gallium, and indium phthalocyanine chlorides
or bromides belong to the three-valent type®' and
vanadyl (VOPc) or titanyl (TiOP¢) phthalocyanines3?
to the four-valent type. Naphthalocyanines are cur-
rently being evaluated as OPC.

Disazo pigments were adopted as the CGM in an early
double-layered photoreceptor for copiers but they were
not infrared sensitive. Newly developed trisazo dyes
have proven to be sensitive in the near-IR region.
Trisazo pigments are generally more difficult to purify
than phthalocyanines, and prepurification of the raw
materials and a pure synthesis process, preventing
degradation of the diazonium salt of the bridging parts,
are critical. Azo pigments also show polymorphism,
and it is necessary to select a particular crystal structure.
A double-layered photoreceptor of the tris-azo pigment
5 of the benzocarbazole type coupler has a high
sensitivity at 800 nm and has been applied in marketed
printers.3?

Squarylium dyes or pigments (squaraines) were first
examined for solar cell use and later found applications
inelectrophotography. A symmetrical squarylium dye,
bis[4-(dimethylamino)-2-hydroxy-6-methylphenyl]-
squaraine (6, Scheme III), exhibit photoconductivity
at 830 nm.*

Other new pigments have been proposed for diode
laser use. 3,6-Diphenylpyrrolo[3,4-clpyrrole-1,4(2H,5H)-
dithione (7)3% exhibits a morphological transformation
under solvent vapor accompanied by an enhancement
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in photoconductivity and a shift in absorption to longer
wavelengths. The double-layered photoreceptor of the
vapor-treated pyrrolopyrrole pigment has a sensitivity
within the 650-850-nm range. 1-[p-(Dimethylamino)-
cinnamylidenel-5-isopropyl-3,8-dimethylazulenium per-
chlorate (8) also shows quite a broad photosensitivity
in the crystalline form, and when incorporated into a
double-layered photoreceptor, a high sensitivity of 850
nm is reached.

D. Laser Fiiter

Lasers are sources of light possessing properties which
differ from conventional light sources. Laser light can
be highly monochromatic, very well collimated and
coherent, and in some cases lasers are extremely
powerful. These characteristics make the laser a very
useful light source with a variety of applications in
science and industry. Optical filters are widely used in
engineering and research. The spectral distribution of
the incident laser energy must be either selectively or
nonselectively altered or precisely controlled.?” Here
the discussion is confined to absorption filters for lasers
that produce light at wavelengths in the infrared
spectrum. The most common types of absorption filters
are made of glass, gelatin, or plastic in which coloring
agents are dissolved or suspended. Plastic filters are
very inexpensive and generally stable. Gelatin or plastic
filters can be readily cut to the desired size and shape
and are flexible and convenient to use. Although such
filters are generally less stable than glass filters, their
spectral features are often much sharper. Plasticfilters
consist of infrared-absorbing dyes dissolved in some
transparent host medium in amounts such as to provide
the desired optical properties. Some of the most
important technical requirements for infrared-absorb-
ing dyes within the plastic are®” as follows:

1. Excellent lightfastness of the infrared-absorbing
dye.

2. High thermal stability.

3. High solubility.
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4. A particular plastic and dye must be stable in the
chemical reactions at processing temperature.

5. No loss of the dye from the plastic through
exudation, volatilization, or other processes.

6. Low dye toxicity.

Because many organic infrared-absorbing dyes show
low lightfastness properties they are not used as
materialsin laser filters. Metal complexes are generally
much more stable to light and heat and are therefore
very important practically as dyes for laser filters.
Recently, active research on near-IR absorbing metal
phthalocyanines and naphthalocyanines which are very
soluble in organic solvents has been undertaken (section
IV.A). Some infrared-absorbing dyes used in laser
filters are as follows: cyanine, pyrylium and thiapy-
rylium, squarylium, indoaniline, azo, anthraquinone,
naphthoquinone, aminium radical salt, charge-transfer
complex, metalated azo, phthalocyanine, naphthalo-
cyanine, and bis(dithiolene) and related complexes.

E. Infrared Photography

Silver halide microcrystals are the photosensitive
elements in photographic materials.?® However, the
spectral sensitivity of silver halide microcrystals is
limited to ultraviolet and blue light, and “spectral
sensitization” is necessary to make photographic ma-
terials sensitive to green, red, and infrared light.® This
requires sensitizing dyes, which are absorbed on the
surface of the silver halide microcrystals, to inject
electrons into the conduction band of the silver halide
when they absorb light.

Since the discovery of spectral sensitization by Vogel
in 1873, the portion of the spectrum which can be
photographed has been gradually extended to longer
wavelengths. It was extended to beyond 700 nm
through the discovery of monocarbocyanine dyes 9 (n
= 1) and to beyond 1300 nm by pentacarbocyanines 9
(n = 5) (Scheme IV).

The applicability of IR-sensitizing dyes depends on
their stability during storage, their ability to absorb IR
light, and their efficiency in spectral sensitization.
Infrared-sensitizing polymethine dyes generally have
a low stability during storage and low spectral sensi-
tization efficiency.** Enhancement of the rigidity of
the polymethine chain through alicyclic rings is very
effective in improving the stability and hence appli-
cability of infrared sensitizing dyes, e.g. 10.

Various kinds of infrared-sensitive photographic
materials are now produced for recording systems: (a)
with new light sources such as diode lasers and (b) with
detecting and discriminating capabilities which are
enhanced by their sensitivity to IR light.#! In case a,
infrared-sensitive black and white films and papers are
used as recording materials for scanners with laser
diodes in the field of graphic arts and medical diagnosis.
Infrared color negative film is composed of three
emulsion layers sensitive to green, red, and infrared
light, respectively. A yellow filter is used to absorb
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blue light incident to the film, since all the emulsion
layers are sensitive to blue light. Infrared, red, and
green light incident to the film form cyan, magenta,
and yellow dyes, respectively. A color given by an IR
color film is completely different from that in the
original image and is called “false color”. It is obvious
that the introduction of IR light sensitivity into
photographic materials, to which human beings are not
sensitive, enhances their detecting and discriminating
ability.#

F. Medical Applications*?

In 1942, Auler and Banzer reported that hemato-
porphyrin could be absorbed into cancerous tissue.43
In 1964 Lipson et al. recognized that an oligomerized
derivative of hematoporphyrin (HpD) accumulated
preferentially into cancerous tissue rather than the
surrounding tissue.* A purified version of this deriv-
ative, Photofrin II,%5 has been shown by Dougherty to
possess certain clinical advantages over HpD in pho-
todynamic therapy (PDT).4¢ Singlet oxygen has the
ability to react with a wide variety of biochemical
molecules*’ and can cause significant damage and even
death to any species unfortunate enough to ingest a
sensitizer and consequently be exposed to light. Many
compounds that absorb in the near-ultraviolet and the
visible regions of the spectrum act as photosensitizers
and accomplish the triplet-singlet interconversion of
oxygen from their long-lived triplet excited state.*® Until
recently, little was known about this ability with regard
tocompounds which absorb in the near-IR region. Phot-
ofrin II, which has its absorption edge at 633 nm, is the
only singlet oxygen photosensitizer approved for clinical
studies in humans by the United States Food and Drug
Administration. New compounds for use in PDT which
absorb both on the edge of the near-IR region and into
it are being investigated by a number of groups
throughout the world. Unlike Photofrin II, they all
have definite structural integrity, thus facilitating both
in vitro and in vivo studies. Three categories are
generally known: cationic dyes, phthalocyanines, and
modified natural porphyrins, chlorins, and bacterio-
chlorins. The chalgenopyrylium dye 11 (Scheme V)
first developed by Detty et al.*® at Eastman Kodak
absorbs at ideal wavelengths (780-820 nm, molar
extinction coefficients of up to 300 000 M! ecm™) for
excitation by diode lasers. Metalated and sulfonated
phthalocyanines have been the most extensively studied
foruse in PDT. Various metal complexes are effective
tovaryinglevels. Metalated naphthalocyanines 12have
recently been tested for effectiveness in PDT. Early
in vitro studies using silicon dihexylalkoxynaphthalo-
cyanine have shown it to be very effective in photolytic
cell destruction.’® Very early in vivo studies with these
compounds utilizing a diode laser as a light source have
found good efficiency.5! Bacteriochlorina (13,770 nm)
has also been investigated for use in phototherapy.2 In
vitrostudies showed that 13 seemed to be more effective
than HpD at killing cells.

111. Basic Near-IR Chromophores and Origin of
the Light Absorption

All those organic compounds that absorb intensively
in the near-IR are conjugated systems. Long wave-
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length absorptions are mostly observed if the conjugated
systems are strongly delocalized. Whereas polyenes
14 (Scheme VI) display bond fixation resulting in
convergence in absorption wavelengths at about 600
nm at longer chain lengths (carotinoides, polyacety-
lene),2% push~pull-substituted polyenes 15 (D = donor

Fablan et al.

substituents, A = acceptor substituents) and similarly
substituted carotinoides are more bathochromic than
unsubstituted polyenes.’* Donor-acceptor-substituted
polyenes are in principle meropolymethine dyes (e.g.
15, D = NRy, A = C=0). Chain molecules may be
near-IR chromophores at long chain length if the
terminal heteroatoms are the same (e.g. 15, D = NR,,
A = C==NR;,*). They are known as polymethine dyes
(16). In contrast to meropolymethines polymethines
are charged molecules. The cations 16 with noncyclic
end groups (streptocyanines) are simple representatives
of these series. These streptopolymethines are char-
acterized by [N + 1] electrons distributed over N
atoms along the conjugated chain rather than the [N]=
electrons found in a polyenic structure (N = 2, 4, ...).5

In contrast to 14 the carbon—carbon bonds of 16 are
nearly equal in length. The A,y values of 16 (n = 5)
amounts to more than 700 nm, and the molar absorption
coefficients are large (log ¢ > 4.5).

Polymethine dyes with various noncyclic, carbocyclic,
and heterocyclic end groups are discussed at length in
section IV.C. There are also series of cationic and
anionic polymethines that do not contain any hetero-
atom in the end group.2d The more recently de-
scribed deeply colored vinylogous (cyclopentadienyl)-
pentafulvenes®? and (tropylium)heptafulvenes® be-
long to them.

Another class of basic chromophores can contain a
cyclicstructure.’” Inturn,light absorption in the near-
IR occurs with highly delocalized bond systems rather
than with cyclopolyenes. Aromatic [N]annulenes ab-
sorb at more than 700 nm if N = 18. The long
wavelength absorptions of [18]annulene (17) and of
various substituted compounds are relatively weak (log
€ =~ 3). Near-IR absorptions have also been found for
the conformationally more rigid dehydroannulenes 1858
and structurally fixed benzoannulenes.?®

Annelation of benzene requires relatively large r-elec-
tronic systems to shift the color band to more than 700
nm. This wavelength region is reached with n = 5 in
the series 19% and n = 3 in the series 20 (746 nm?®!).
Near-IR absorption is also produced on substitution of
the hydrocarbons e.g. on going from tetracene (19, n =
2) to the tetrachalcogenotetracenes 21 (X = S, Se, Te).62
The first absorption band of the latter is intense (log
e ~ 4).

The deeply colored porphyrins are related to annu-
lenes and near-IR absorption has been found for
tetrahydroporphyrins,$3 vinylogous porphyrins,%be and
related compounds®d as well as various natural dyes
such as bacterochlorin a (13).5¢

Another series of deeply colored hydrocarbons is
exemplified by 22-24 (Scheme VI). In contrast to 17
and 18 these compounds are nonalternant hydrocar-
bons. These hydrocarbons have a very broad weak
absorption band at long wavelengths which may be
extended to more than 1000 nm.% In general, this
absorption band displays fine structure. Numerous
heterocycles isoconjugated with 22 (e.g. 25, X =
NPh, S)$¢ or with larger nonalternant hydrocarbons®’
also absorb at more than 700 nm.

For the sake of clarity, the formulae 19 to 25 are
given by a single limiting formula with localized bonds.
These and many other formulae in this review reflect
neither the true bonding situation nor the symmetry
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of the molecules. In addition, any charge localization
in the formulae of the ionic dyes fails to describe the
true electron distribution.

The previously mentioned linear and cyclic chro-
mophores are important basic chromophores. Most of
the dyes under discussion are more or less complex
derivatives of them. Less symmetric compounds may,
however, be considered as being composed of two (or
more) molecular fragments which differ in their electron
donor and electron acceptor strength. Composite
molecules such as these give rise to weak intramolecular
charge transfer bands at very long wavelengths (CT
chromophores).

Conjugated 7-type organic radicals are often deeply
colored. They are less inclined to form o-dimers if the
w-system and the spin densities are highly delocalized
in the open chain or ring closed structure. The
polymethine violene radicals are the congeners of the
polymethine cyanines.®® Both classes of these com-
pounds belong to the [N + 1]=-streptopolymethines.®

Although there is increasing information available
concerning near-IR absorbing triplet molecules (e.g.
retinal,’® merocyanines,” cyanines,”4 porphyrinse)
these chromophores are not included in this review. It
should only be mentioned that the increase in Apex of
vinylogous triplet cyanine dyes is similar to that found
for these dyes in the singlet state.’™

Some organic compounds owe their weak near-IR
absorption bands to electronic excitation which are only
in part due to the m-electronic systems. This gives rise
to weak absorption bands (log ¢ ~ 2). These are the
o-n* (n—m*) or 7—o* transitions whereas —=* transi-
tions occur in all the forementioned cases.

In this classification the simple MO model is used for
a qualitative interpretation of the color determining
electronic transitions. Kuhn’s empirical MO-FE and
Hiickel’s empirical MO-LCAO (HMO) method permit
asurprisingly accurate prediction of near-IR absorption
maxima in series of related linear chromophores that
arestrongly delocalized (e.g.ref 71). Useful results have
been achieved for closed- as well as open-shell poly-
methines. In search of deeply colored dyes, Dyady-
usha and co-workers refined the topological approach
by defining the contribution of the end groups to the
absorption wavelength.”

Explicit consideration of electron—electron interac-
tions rationalizes the relatively low excitation energy
of azulene and other nonalternant hydrocarbons. Due
to the significant redistribution of charge after exci-
tation, the electron exchange repulsion is low in this
series. The same effect is operative for CT-type
transitions. Concomitantly, however, the transition
density is low and the absorption intensity is conse-
quently weak.

Configuration interaction between singly excited
configurations has to be taken into account in order to
understand both the position and intensity of the first
absorption band of cyclic hydrocarbons and related
chromophores. Electron and configuration interaction
is considered semiempirically using the PPP method
at the w-level and by various XNDO/S methods at the
all-valence-electron level.’#2 The LHP method permits
prediction of absorption features of organic radicals at
the 7-level.’”®* Both the PPP and LHP methods have
been used to estimate Anay values of near-IR dyes.’7
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These values are systematically underestimated for
closed shell cyanine dyes by about 100 nm in the 800-
nm region if standard parametrizations are used.”® Less
isknown about the calculation to triplet excited states.”

Inorder to better understand the electronic excitation
of composite molecules in terms of their fragments, the
electronically excited state has to be defined by the
configuration interaction between locally excited (LE)
configurations and intramolecular charge transfer (CT)
configurations. The charge resonance (CR) configu-
ration describes a mixture of two configurations re-
sulting from oppositely directed CT excitation between
identical subchromophores. The molecular exciton
theory works well if the electron delocalization between
the subchromophores is small. The excited state then
corresponds to a configuration of the molecular exci-
ton (MX) type. Configuration analysis allows PPP-
calculation results to be analyzed in terms of LE-, CT-,
CR-, and MX-type configurations for the excited states.

The question has been raised as to whether or not
the conventional PPP method is reliable for compounds
which absorb at extremely long wavelengths.”” These
compounds have some biradicaloid character, and this
requires, in principle, an extension of the configurational
space. Consideration of deeply colored compounds as
perturbed biradicals has drawn attention to various
relatively small compounds absorbing at long wave-
lengths, for example 26 and 27. Inthe first case nitrogen
has been introduced into an antiaromatic [12]annu-
lene and in the second case, two sulfur atoms into the
non-Kekulé hydrocarbon 1,2,4,5-tetramethylene ben-
zene. The resulting heterocycles, cycl[3.3.3]azine and
hexaphenylthieno[3,4-flisothionaphthene, absorb at
1290 nm (M. value)” and 793 nm (Ap,; value, log ¢ =
4.06), respectively.”® Whereas derivatives of antiaro-
matics only produce weak long wavelength absorptions
such as found for conformationally fixed dehydroan-
nulenes,®® more intense absorption may occur with
structural modification of some non-Kekulé-type hy-
drocarbons, such as found for derivatives of tetrame-
thylene ethene® and 1,2,4,5-tetramethylene benzene.™
Conventional PPP-type calculations normally overes-
timate the absorption intensity (oscillator strength),
but the agreement is improved by including higher
excited configurations.

1V. Near-IR Absorbing Organic Compounds

A. Phthalocyanine and Naphthalocyanine Dyes

Phthalocyanine chromophores were first synthesized
by chance in 1928 during the preparation of phthal-
imide from phthalic anhydride and ammonia in a
reaction vessel made of iron. The iron phthalocyanine
obtained was isolated and identified by Linstead in
1934.82 Its structure was confirmed by Robertson®
using X-ray analysis in 1935. Since then, phthalocy-
anines (Pc¢) have become important colorants as dyes
and pigments. Their structural analogy to natural
pigments such as the porphyrins is of great interest in
academic research, in particular with regard to their
application as colorants. The chemistry of phthalo-
cyanine compounds was reviewed by Moser and
Thomas®e in 1936. Further advances in the color
chemistry of phthalocyanines were reviewed by Booth3?
in 1971 and Gordon and Gregory®# in 1983. Recently,
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SCHEME VII

31

Luk’yanets® surveyed and summarized the absorption
spectra of phthalocyanines, naphthalocyanines, and
related compounds.

In the search for suitable near-IR dyes for use in the
optical recording media, phthalocyanines (28a, Scheme
VII) were first investigated. Metal-free phthalocya-
nines absorb at 698 nm in a 1-chloronaphthalene
solution and at 772 nm in the solid state. The metal
complexes generally absorb at much shorter wave-
lengths, but some, such as lead phthalocyanine, absorb
at much longer wavelengths than the metal-free ph-
thalocyanine.®> Multiple substitution®e and complex-
ation with Lewis acids®"d can cause a shift to the near-
IR region. This is more generally observed with
annelation.®36¢® The bathochromic shift produced on
passing from phthalocyanines to 1,2-naphthalocyanines
29, R = H) and 2,3-naphthalocyanines (30a, R = H)
amounts to 22 and 67 nm, respectively. The photo-
physics of some derivatives is discussed in refs 86d,h,i.
Annelated phthalocyanines are fluorescent at room
temperature.® Some spectral absorptions are given
as follows. Pc (28a): R = tert-heptyl, M = VO (809
nm®), R = 1,4-(0Me);s-2,3-Cly;, M = H,H (750 nm38), R
= 1,4-(0Bu)z, M = Sn(0SiEt3); [695 nm(log € = 4.64)8,
779 nm(log ¢ = 527)]. Nc30a) R = H M =
Ge(0OSiEts)2 (780 nm®), R = 2-heptylundecanoyl, M =
Sl(0R3)2 (798 nm91), R = SIR3 or (COzR)n, M = Si-
(OR3)2 (800 nm?%), R = H, M = AICI (774 nm®).

The series of 2,3-naphthalocyanine derivatives is
potentially very important with electrooptical appli-
cations in areas such as optical recording media, organic
photoconductors, color filter dyes, and photosensors.
They have been modified to improve solubility through
the introduction of branched long-chain alkyl groups
into the naphthalene rings and/or of trialkylsiloxysi-
lane into the central core.

Fabian et al.
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There are many synthetic methods for the prepa-
ration of phthalocyanines but, in general, four main
processes are employed.®s Recently, a new route to
unsymmetrical phthalocyanines viasubphthalocyanine
was reported.86e

2,3-Naphthalocyanine was first synthesized by
Luk’yanets et al. from 2,3-dicyanonaphthalene.¢ Sub-
stituted naphthalocyanines (Nc)?** are generally syn-
thesized from substituted dicyanonaphthalenes. Tet-
rabromination of substituted o-xylene with NBS using
UV light followed by condensation with fumaronitrile
givesdicyanonaphthalenes. Kenney etal. prepared new
types of bis(alkylsiloxy)silyl naphthalocyanines 31.%4¢
2,3-Dicyanonaphthalene is converted to 1,3-diiminoben-
z[flisoindoline which tetramerizes to give dichlorosi-
lylnaphthalocyanine (SiNcCly) in the presence of tet-
rachlorosilane. The acid hydrolysis of SiN¢Cl; results
in SiNc(OH),, which reacts with trialkylsilyl chloride
to give SiNc(OSiR3). (31). The two isomers of mag-
nesium 1,2-naphthalocyanine, the « and 8 form, were
first obtained by Bradbrook and Linstead® in 1936,
The zinc and copper complexes are also known,* but
their absorption spectra have so far not been described.

The color—structure relationship of phthalocyanine
chromophores has been studied using MO cal-
culations.2e84 )., values, molar absorptivities, and
changes in 7-electron density accompanying the first
transition were calculated. The calculations indicated
that a charge-transfer occurs from the center toward
the outside. Metalation, which reduces the electron
density at the inner nitrogen atoms, is predicted to
produce a hypsochromic shift. This is in fact observed
experimentally. The extent of the A\u,. shift to shorter
wavelength depends on the electronegativity of the
metal. In contrast, electron-withdrawing groups such
as halogens at the periphery of the molecule are
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Table I. Spectral Data of Porphines, Corroles,
Phthalocyanines, and Naphthalocyanines

compound Amar® 1074 solvent  ref
porphine 32b 619,529 0.46,0.76 pyridine 84c
corrole 33 825,746 1.01,054 CHCl3 99c¢
isoporphyrin 34 857,775 1.51,0.88 CH:Cl; 100
tetraazaporphine 32a 624, 556 8.13,4.68 pyridine 84c
tetrabenzoporphirlig 28b, 662,596 1.58,2.19 THF* 102a
phthalocyanine 28a, 698,665 16.22,15.14 d 84c
R=H M=HH
tetraaza(2,3-naphtho)- 722,703 DMF 101
ﬁorphine 30!?,
=H M=HH
2,3-naphthalocyanine 30a, 765 18.20 3a
R=H,M=HH
tert-octyl-VO-2,3- 809 24.55 toluene 87
naphthalocyanine
1,2-naphthalocyanine 29, 720, 677 d 102b
R=H,M=HH

¢In nm.?In M cm™. ¢ Addition of pyridine (5%).¢In
1-chloronaphthalene.

SCHEME VIII
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predicted to give rise to a bathochromic shift. In
principle, however, the 18-electron inner ring system
of the phthalocyanines determines the bathochromic-
ity and substitution at the benzene rings has only a
minor effect on the Ay.x of the phthalocyanine chro-
mophores.

Applications of phthalocyanines and naphthalocy-
anines have been summarized in ref 3a. Phthalocya-
nine compounds have attracted attention as functional
dyes in various fields, and much interesting research
has been reported.® Their semiconductor or dielectric
properties are useful in diode, piezoelectric, and elec-
trochromicdevices. Their optical properties make them
suitable for practical applications in xerography, pho-
tochemical hole burning, laser disk memory, and pho-
todiodes. Their catalytic activities have led to their
utilization in photovoltaic cells and chemical sensors.

Naphthalocyanines absorb in the near-infrared region
and are interesting as recording media for laser optical
recording systems. The most important question is
how to achieve good solubility in nonpolar organic
solvents. Dye media are dissolved in high concentration
and then applied onto the substrate made of polycar-
bonate or other polymers to produce the recording disk.
Good solubility has been achieved by the introduction
of a long alkyl chain into the naphthalene ring.
Solubility in organic solvents is increased by preventing
aggregation of Nc caused by steric interaction between
the bulky and long-chain alkyl substituents.

Kenney et al.?* synthesized the silicon naphthalo-
cyanines 31, which opened up a new field of Nc¢
chemistry. Silicon naphthalocyanines have been de-
veloped because of interest in their use as photody-
namic sensitizers for the electrolysis of water and the
photodynamic therapy of tumors.?® Their redox be-
havior, reversible energy-transfer reactions, and elec-
trical conductivity has been investigated in relation to
their structures and spectral properties. Photoprop-
erties of metal octabutoxyphthalocyanines with deep
red optical absorbance have been recently reported.?’
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Table II. Spectral Data of Metal Complexes 36 and 37

no. M R Amar® 107%¢®  solvent ref(s)
3 Ni H 720 143 MeOH 103,104
3 Ni n-BuS 1000 4.70 CH.Cl; 106a

36 Ni C¢H; 866 3.09 CHCl; 104

36 Ni 4-OMeC¢Hy 925 251 CHCl 104

36 Ni 4-julolidinyl 1208 4.8 (CICHy): 107

36 Ni 4-(CF3)CeH, 832 299 CHCl; 108¢

36 Ni 2-CIC¢H, 783 2.56 CH.Cl, 108¢

3 Pt CgH; 802 4.27 CHCl; 104

36 Pd¢ CgH; 885 3.97 CH,Cl, 104, 105
87 Ni CN 848 0.80 MeCN 114

37 Ni CgH;s 940 1.34 CH.,Cl; 104,108a
37 Ni 4-(CF3CeH, 923 1.26 CH.Cl; 108a

37 Ni -SC(S)S-(R,R) 1150 199 CH.Cl; 108

37 Pt CN 865 1.17 CHCl 115

37 Pd* CN 1100 1.38 CHCls 115

¢ Innm. ? In M! cm™. ¢ For numerous nonsymmetric 86 with
different substituent groups see refs 109 and 108~111. ¢ Molyb-
denum complex with two additional carbonyl ligands (R = 4-
(NMe3)CeHy): Amax = 750 nm (log € = 4.19).112 ¢ Cobalt complex
(n =-1, R = H): Apax = 731 nm in DMF (log ¢ = 3.08).118

Another field of current research is the electrolysis of
water,% in which a new type of molybdenum 1,2-naph-
thalocyanine played an effective catalytic role.

Various alkylated metal corroles are known to strongly
absorb light over 700 nm.%*® In a more recent study,
attention has been directed to near-IR absorptions of
isoporphyrins because of their noticeable photochemical
and redox properties.'® Some spectral data of phthalo-
cyanines and naphthalocyanines are collected in Table
I along with those of porphyrins, isoporphyrins, and
corroles (32-34). Because of their interrupted cyclic
conjugation, the cationicisoporphyrins, however, belong
to the branched conjugated polymethine dyes rather
than to the porphyrins.

B. Metal Complex Dyes

The electronic structure of dithiolene metal com-
plexes in which the metals are transition metals such
as Ni (or Pt and Pd) are described by two equivalent
resonance forms 35 (cf. Scheme VIII).

The chelate component is a stable aromatic 107-
electron system.1031%4 The neutral metal complex (z =
0) can be reduced to anions with the charges z = -1 or
-2. The neutral and mono anion complexes have an
intense absorption band in the near-IR region (log ¢ ~
4). The near-IR absorption maxima of the complexes
36-39 selected from refs 105-123 are summarized in
Tables II and III.

The spectra of the nickel complexes have been
discussed using HMO,108 PPP,1242 5 well as more refined
quantum chemical methods.!* The longest wavelength
absorption band of the neutral complex has been
assigned to a byy,—beg (7—7*) transition.19310¢ According
to INDO/S calculations!™® the highest occupied MO
(byy) is virtually a pure ligand orbital and the lowest
empty MO (bg) has some Ni as well as ligand character.

The absorption band of 36 in the near-IR region is
sensitive to substituent groups. Inthe presence of more
powerful electron-donating substituents in 36, 37, and
38suchas NR,, SR, and thiapentalene residues (Scheme
IX) the absorption band is shifted to wavelengths up
to 1000 nm longer. A good linear relationship!?¢® has
been found between A values and modified Ham-
mett substituent constants, é,*, in the case of substi-
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Table III. Spectral Data of Metal Complexes 38-40
no. M charges, substituents Ame® 104 solvent ref(s)
38 Ni n=0, X; =X,=NH, 790 549 DMSO 116a

R=
38 Pd° n=0, X1 =X;=NH, 780 4.82 DMSO 116a
R =H
38 Ni =-1, I?I(l X, =8, 881 1.3¢ CH.Cl; 117
R
38 Ni n= —1 X1 x2 = S, 870 1.40 CHzClz 1080,
R= 3 4,6-Clg 118b
38 Ni n= —1 inI Xz = S, 10563 1.53 CHzClz 118a
R =4-
38 Ni n= —-1 X, = NH 894 120 DMF 119
X;=85,R=H
38 Ni n=-1, Xl =8, 1025 1.27 DMF 118b
X2 = 0, R=H
39 Ni R;;=4-MeC¢H;, 720 0.72 CHCl; 120
R2 = Me, R3 = Ph
39 Pt R;;=4-MeCeH,, 704 148 CHCl; 120
Rz = Me, Ra = Ph
39 Pd R]_,l = 4-MeCsH3, 741 0.5 CHCla 120
Rz = Me, Ra =
40 Ni R;=Me, 780 0.92 benzene 121
R2 = R3 = CsH5
40 Ni R;=R,;=C¢H;, 786 1.04 THF 122
R; = 4-MeCgH,
40 Pd Ri=R;=R;= 720 1.23 CHCl; 123
4-(0Me)CeH4
¢Innm. * In M cm™ ¢ Cobalt complex (n =0,R=H, X, =

X2 = NH): Anux = 1135 (log ¢ = 3.58), 763 nm (log e=4, 07) in
DMSO. 1162
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tution in the 4-pos1tlon of the phenyl groups of 36a
(R1,Re = Ph). The nickel complex with the julolidinyl
group absorbs at about 1300 nm. Substituent effects
are similarly reflected in the S(2p) and Ni(2p) binding
energies of ESCA spectra of 36a!?* and in the Ni-S
vibrations of resonance Raman spectra.l24d Although
the central NiS, unit in the nickel complex is approx-
imately square planar (D, symmetry), the plane of

Fablan et al.

phenyl ring is twisted 33° and 66° out of the plane
defined by the five-membered nickel chelate rings, and
its symmetry is reduced from D, to Dy, symmetry.12
A pronounced hypsochromic shift is caused by steric
hindrance between the 2-halogen atom in the phenyl
group of 36 and the chelate ring, and the An,, is shifted
to about 780 nm.!%b< The near-IR absorption band
changes from 780 nm to 1300 nm through substitution
in the phenyl group of 36a. Introduction of alkyl or
alkoxy groups with long chains, which improve solu-
bility, has little effect on the absorption spectra of 36a.
Reduction of the neutral complex to the mono anion
complex causes a red shift of about 60-80 nm and
lowering of the intensity of the absorption band (cf.
Tables II and III). In the neutral dithiolene complex
36, the absorption band shifts to longer wavelengths in
the order Pt < Ni < Pd. A similar spectral effect when
substituted by transition metals has been observed in
the series 37 and 39 (Tables II and III). There is,
however, no effect in series 38. The near-IR band of
the metal complex 38 is also dependent on the het-
eroatom X and various complexes have been reported
which intensively absorb between 780 and 1100
nm.!16118118< Qligomeric bis-aryldithiolene nickel com-
plexes absorb as large as 2000 nm.!8d Complexes of
the structure 39 mostly absorb below 800 nm, except
for some annelated compounds.

Although the dithiolene metal complexes show an
absorption band in the near-IR region they are not
useful, in general, as colorants in the recording layer of
the optical DRAW disk#d124b due to their low reflec-
tivity at the oscillation wavelength of the GaAlAs diode
lasers. Instead the dithiolene nickel complex has been
applied to the optical DRAW disk as an inhibitor of
laser-induced fading!? and sunlight-induced fading!?’
of the cyanine dye lasers. This is possible because they
exhibit significant singlet oxygen quenching ability.!24f
Oxidation processes account for the fading of cyanine
dyes. Practically, dithiolene Ni complexes (e.g. 38, n
=1, X = §, R = halogen) are used as a counteranion
of cyanine dyes or added as antioxidants (10-15 wt %)
in the DRAW disk.126

Dithiolene metal complexes have also attracted much
interest as Q-switching near-IR dyes. Inthisconnection
Mueller-Westerhoff et al. have recently reviewed dithi-
olene complexes substituted by strong donor groups.128
They predict that dyes that absorb at wavelengths as
large as 1500 nm might be accessible. Freyer et al.
studied both the solvatochromism!?8® and deac-
tivationi?¢ of dithiolene Ni complexes.

Despite significant deviations of the ring atoms and
the metal from the least-squares chelate planes in for-
mazyl metal complexes (40) the electron system is de-
localized over the chelate rings. This results in intense
absorption bands observed at about 780 nm (log ¢ ~ 4)
(Table III).

Because of their intense absorption band at about
800 nm (log ¢ ~ 5) metal complexes of the type 41 (X
= N-CgH,R,) are lightfast and useful as absorbers in
optical disks.?®a13%0 Spectral data of the longest
wavelength absorptions of metal complexes of the series
41 to 43 are summarized in Table IV. The absorption
band is shifted to longer wavelengths with the increasing
electron-donating capacity of the substituent groups
R, its intensity increases with the number of ligands.
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Table IV. Spectral Data of Metal Complexes 41-43
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no. M n R Amax® 104¢ solvent ref
41 Cu 2 4-(NEt;)CeH, (0] 769 5.86 EtOH 129¢
41 Cu 2 H [4-(NMe)CsH N 772 14.4 EtOH 129a,b
41 Cu 1 H [4-(NMey)CeH IN 722 6.9 EtOH 129b
41 Ni 2 4-(NMe;)CeH, 0 728 4.24 EtOH 129¢
41 Ni 2 H [4-(NMe2)CeN(N 745 8.5 EtOH 129a,b
41 Ni 2 H [2-Me-4-(NBuy)CsH3IN 801 15.7 CHCIl; 130

41 Ni 1 H [4-(NMe2)CsH(IN 728 6.0 EtOH 129b
41 Co 2 4-(NMe;3)CeH, 0 713 3.75 EtOH 129¢
42 Cu 1 4-(NEt;)CgH, 0 779 2.35 EtOH 129¢
42 Ni 1 4-(NEt;)CeH, 0 817 2.42 EtOH 129¢
42 Co 1 4-(NEt)CgH, 0 803 1.85 EtOH 129
43 Cu 2 [4-(NMe3)CeHIN S 794 4,38 EtOH 129¢
43 Ni 2 [4-(NMe;)CeH N S 782 4.36 EtOH 129f,g
43 Ni 1 [4-(NMez)CeHN S 783 1.94 EtOH 122¢g

¢Innm. ®In M1cem™.

For example, in the case of the complex 42 the value
of e observed in the 1:2 complexes is twice that of the
1:1 complexes.!?*¢ In the metal complexes 41-43 the
transition metal ion only slightly affects the position
of the absorption band in the near-IR region.

Other metal complexes which exhibit an intense
absorption band in the near-IR region are the 1:2 Cr-
azo dyes 44.1312 They are in charge control agents used
in electrophotographic processes (e.g. 44, R = Bu; Amax
760 nm in DMF, log ¢ = 4.45). Copper-containing tri-
azo dyes likewise absorb at more than 700 nm.!3 Azo
dye metal complexes absorb at 705-780 nm in H,SO,.133
Bipyridine alkali metal complexes exhibit a relative
weak intensive absorption band between 752 and 952
nm (log ¢ ~ 3). This absorption is due to a 7—=»*
transition of the bipyridine anion.!¢ The o-benzosemi-
quinonato complexes Zn and Ni complexes are another
series displaying weak near-IR absorptions beyond 700
nm.!34% Deeply colored radical anions are discussed in
section IV.H, and metal complexes of phthalocyanines,
naphthalocyanines, porphyrins, isoporphyrins, and cor-
rolates in section IV.A.

C. Polymethine Dyes

Well known since the early 1920s, polymethine dyes
cover a large wavelength region®’¢ due to the fact that
the vinylene shift amounts to about 100 nm.!% Many
symmetric near-IR cyanine dyes with heterocyclic end
groups have been described during the last decade.
Some absorption data examples have been selected from
refs 136-152 to be presented in Table V (dyes 45-59,
Scheme X). Because of their long wave absorptions
dyes with chalcogenopyrylium (e.g. 47-49) and benzo-
[¢,dlindenylium (naphtholactam) nuclei (e.g. 51a) have
attracted particular attention in more recent research.

Few symmetric monomethines (n = 0) show absorp-
tion maxima above 700 nm*2139183 (g.g 47, X = Te).
The majority of the near-IR dyes are trimethines (mono-
carbocyanines, n = 1) or pentamethines (dicarbocya-
nines, n = 2) but many higher vinylogs are also known
(cf. Table V). The streptopolymethine parent chro-
mophore 16 absorbs at more than 700 nm with n = 5.2
Annelation at the heterocyclic end groups results, in
general, in a bathochromic shift.154-158

The longest chain polymethines known (the penta-
decamethine in series 45'% and undecamethines in series
49'41) are less stable than dyes of shorter chain lengths.
The most bathochromic dye of the previously men-

tioned series is 49b (X = S), which has not yet been
isolated as a pure compound (Amar = 1610 nm).142

The origin of the first absorption band is theoretically
well understood.??¢ The spectral effect of the different
end groups can be estimated by Dyadyusha and Kachk-
ovskii’s topological approach.!5™ This concept has been
used in predicting deeply colored cyanine dyes.™

Cationic dyes display solvent effects in nucleophilic
solvents, but the spectral shift of the An.x values is
generally low for symmetric dyes.!5815° Generally, the
intensity of polymethine dyes (molar absorption co-
efficients, ¢, and oscillator strength, f) increases as the
chain lengthis extended.!%8.160.161 Irregularities do occur
in some vinylogous series. These results have been
discussed in terms of both isomerization!®? and solvent
effects.158

Polymethine cyanines are weakly fluorescent. The
fluorescence quantum yield of cyanine dyes passes
through a maximum value on going from short to long
chain lengths.!® Fluorescence enables application of
near-IR cyanine dyes to the ultratrace detection of
labeled organic compounds using laser fluorimetry.1642
The fluorescence efficiency of some near-IR absorbing
polymethines is enhanced if dye molecules are bound
to proteins.!®¢® By using a diode laser for excitation,
the detection of labeled albumines was 1-2 orders of
magnitude greater than by conventional methods.
Another application is the ultrasensitive detection of
surfactants,!84

There are numerous nonsymmetric near-IR cyanine
dyes with two different heterocyclic end groups, one
heterocyclic and one carbocyclic end group, or one
heterocyclic and one noncyclic end group that likewise
absorb in the near-IR region.91%9165 In general, their
maxima are more or less displaced to shorter wave-
lengths compared to the average values of Amax in the
corresponding symmetric dyes. Absorption maxima
above 700 nm have also been found for some monome-
thines.1%3166 Many of the nonsymmetric and symmetric
near-IR dyes are trimethines,1%’

Trinuclear cyanine dyes (e.g. 53) absorb at similar
wavelengths to the dinuclear ones but splitting of the
absorption band occurs if the end groups are different.1¢’
Another type of trinuclear near-IR dye consists of two
polymethine chains which have a common nucleus,'4®
e.g. 54,148

Less is known about deeply colored oxonol dyes!¢®
(e.g. 55'4%), Comparison of iso-w-electronic cationic
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Table V. Spectral Data of Symmetric Polymethine Dyes

Fabian et al.

no. X Y R; R Rs n Amas® 104¢b solvent ref
45 NMe CMe; CH=CH—CH=CH 3 742.8 28.1 MeOH 4a
NEt S CH=CH—CH=CH 3 760 EtOH 2b
NEt S CH=CH—CH=CH 4 870 EtOH 2b
NEt S CH=CH—CH=CH 5 995 EtOH 2b
NEt S CH=CH—CH=CH 6 1130 CH.Cl; 136
NEt S CH=CH—CH=CH 7 1250 CH,Cl, 136
NMe Se CH=CH—-CH=CH 3 769.2 24.1 MeOH 4a
NMe HC=CH CH=CH—CH=CH 2 706.8 25.4 MeOH 4a
NMe HC=CH CH=CH—CH=CH 3 816.4 23.4 MeOH 4a
46 CMe Me H Me 1 805 57.56 MeCN 137
CMe Me H Me 2 895 83.2 MeCN 137
N Ph Ph H 1 790 83.2 MeCN 137
N Ph Ph H 2 870 44.7 MeCN 137
47 NEt CH=CH—CH=CH H 1 706.4 24.4 MeOH 4a
NEt CH=CH—CH=CH H 2 812.9 23.9 MeOH 4a
NEt CH=CH—CH=CH H 3 928 14.9 MeOH 4a
NMe NMe Ph H Ph 2 758 CH.Cl, 138a
0 0 Ph H Ph 2 806 31.6 CH,Cl, 138a
S S Ph H Ph 1 755 MeNO; 138¢
S S Ph H Ph 2 879 MeNO; 138¢
S S Ph H Ph 3 1000 MeNO, 138¢
Se Se Ph H Ph 1 795 MeNO, 138¢c
Se Se Ph H Ph 2 910 MeNO, 138¢
Se Se Ph H Ph 3 1035 MeNO; 138¢
47 Te Te Ph H Ph 0 759 15.8 CH.Cl, 139a
Te Te Ph H Ph 1 885 28.2 CH.Cl, 139a
Te Te Ph H Ph 2 1010 15.1 CH.Cl, 139a
Te Te t-Bu H t-Bu 1 810 16.6 H:0 140a
48 0 Ph H Ph 1 800 8.5 CHCl, 138a
0 Ph H Ph 2 910 12.0 CH,Cl, 138a
S Ph H Ph 1 865 7.1 CHCl; 138a
) Ph H Ph 2 1000 10.7 CH,Cl, 138a
NMe Ph H Ph 2 728 CH.Cl, 138a
NMe CH=CH—CH=CH H 2 706.8 25.4 MeOH 4a
NMe CH=CH—CH=CH H 3 816.4 23.4 MeOH 4a
49a 0 Ph 1408 0-CeH(Cly 141a
49b 0 2-thienyl 1510 0-CeH,Cly 142
49a S Ph 1495 8.5 0-C¢H,Cl; 141a
49b S 2-thienyl 1610 0-C¢H,Cl; 142
50 1 716 19.6 MeOH 143
2 826 MeOH 143
5la 1 760 13.20 MeNO: 144a
2 860 19.96 MeNO; 144a
3 972 21.20 MeNO; 144a
51b 1 698 8.256 THF/Li* 145a
2 8656 THF/Li* 145a
3 950 THF/Li* 145a
5lc 1 850 MeNO; 145b
2 930 MeNO; 145b
52a 2 778 20.0 DMF 146
3 881 DMF 146
4 1000 DMF 146
52b 2 686 15.8 DMF 146
3 780 DMF 146
4 915 DMF 146
53 775 124 MeCN 147¢
820 11.7
54 1 640 4.6 (CH,Cly) 148a,b
836 10.3
2 715 3.9 (CHCly), 148a,b
954 9.1
55 2 781 MeOH 149a
56 1 714 5.4 MeCN 150c¢
764 5.4
2 815 8.1 MeCN 150¢
886 9.5
57 1 738 6.4 CH.Cl, 150b
2 830 8.0 CH;Cl, 150b
58 2 584.5 CH 151a
2 716 MeOH 151a
3 606.5 CH 151a
3 820 MeOH 151a
59 CMez n-ClgH% n-CsHm CzH4OH 785 30.1 EtOH 152

In nm. ®In M! cmL.
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and anionic polymethine dyes, such as 51a/51b and
52a/52b reveals that near-IR absorption occurs inde-
pendent to the molecular charge provided that the chain
length is sufficiently long (see Table V). The Ay, values
of 52 are, however, shifted from the near-IR to the visible
region on passing from the ions to the nonsymmetric
neutral compounds (X; = NH,X; = N).¥ An inter-
esting series of polymethine dyes with relatively long
wavelength absorptions is that containing mesoionic
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end groups such as 56 and 57. Dyes of the vinylogous
series 56 consist formally of a polymethine oxonol chain
and two terminal pyridinium fragments.

Uncharged dyes of the type §8 with 7 > 2 are examples
of merocyanine (neutrocyanine) dyes which absorbs in
the near-IR if dissolved in polar solvents (see Table V).
The absorption maxima of this class of dyes are more
or less sensitive to solvent effects (cf. section IV.G.1).
Branched conjugated dyes such as 59 also belong to the
neutrocyanines. They have been tested in optical
recording materials.!52

In order to increase the thermal and photochemical
stability of near-IR cyanine dyes, the polymethine chain
has been partially fixed by incorporating part of the
chain into one!%® or more alicyclic rings'® (e.g. 10). The
cycloaliphatic bridge can contain either heteroatoms
or heteroatomic groups (O, S, NMe, etc.).'” This
structural modification results in small spectral shifts.
Marked spectral effects occur with strongly electron
donating or strongly electron withdrawing substituents
on the chain.!”

Some near-IR absorbing cyanine dyes have polyme-
thine chains that are incorporated into carbo- or
heterocyclic ring systems.!”? Formation of an antiar-
omatic ring structure through cyclization of the poly-
methine chain leads to deeply colored compounds.1”

An interesting class of neutrocyanines are the squary-
lium and croconium dyes 60 and 61174177 (Scheme XI).
Some relevant spectral data are collected in Table VI.
In general, squarylium dyes are close in wavelength to
the cationic dinuclear cyanine dyes. They differ
formally from them by substitution of H by O~ in the
meso position of the chain and symmetrical bridging
of the neighboring carbon atoms by the carbonyl
group.!’® However, their structure appears to be more
complex and cannot be represented by a single for-
mula.!” A comparison of croconium and squarylium
dyes show the former to be more bathochromic'® (cf.
Table VI). A considerable bathochromic shift has also
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Table VI. Spectral Data of Squarylium (60) and
Croconium Dyes (61)

compd X Amar® 10-5¢ solvent  ref
60a 813 0.84 EtOH 174b
60b S 667 1.6 CHCl; 4a
60b Se 683 1.0 CHCl; 175
60b CH=CH 706.6 2.63 MeOH 4a
60c 865 EtOH 174c¢
60d 0 815,910 0.62,0.66 DMF 174a
60d S 885,975 0.53,0.51 DMF 174a
60f 842 CHCl; 174d
60g 765.5 1.32 CH:Cl; 4a
60h 996 1.51 CHCl; 176
60i 704 2.19 CHCl; 174e
61b S 771.3 2.23 MeCN 4a
61b Se 789.5 2.00 MeCN 4a
61b CH=CH 8314 2.22 MeCN 4a
Gle 954.2 2.75 CHCl; 4a
61j 715 0.58 CHCl, 177
62h 935 0.81 CHCl; 176
63h 956 0.97 CHCl; 176

¢In nm. *In M! cm™.

been observed if the O~ in 60 is replaced by OMe.1"5
Some diaminophenyl-substituted squarylium dyes,
which show absorption maxima at about 650 nm only
in solution, absorb in the near-IR in the solid state.?%18!

The methinologs of 62 and 63 of the betainic dyes 60
and 61 are, in principle, cross-conjugated merocyanines,
which are related to ketomerocyanines. They absorb
at shorter wavelengths than the betainic dyes even if
they have a more extended conjugated system. De-
rivatives of the ullazine of these series, however, absorb
in the near-IR.17® Ketomerocyanines display a strong
bathochromic shift if protonated, and near-IR absorp-
tion bands have been recorded in acids.12

Cyanine dyes are used as laser dyes!8 (emission
wavelength up to 1800 nin!842), Near-IR absorbing cy-
anines have large nonlinear susceptibilities and fast
response and decay times and are therefore strong
candidates as materials for all-optical signal processing
devices between 1000 and 1600 nm.!8 Applications
in photoreprography and optical data storage devices
have been already mentioned in section II. Straight
chain tricarbo- and pentacarbocyanines as well as
squarylium and croconium dyes have proven to be of
particular interest in this field. As already mentioned
in section IV.B, the photostability of the dyes is
increased if Ni dithiolene complexes or other metal
complexes are added. Experiments in photochemo-
therapy dealt with derivatives of cryptocyanine (47, n
=1, X = NR, R;,R; = CH=CH—CH==CH)!% and tel-
lurocarbocyanine (e.g. 11, cf. section ILF).

The dyes previously mentioned are principally ca-
pable of forming dimers and aggregates which, in
contrast to monomers, may exhibit absorption bands
inthenear-IR. J-type aggregates absorb more strongly
at longer wavelengths than the corresponding mono-
mers. Likewise, a bathochromic shift into the near-IR
region has been observed for bichromophoric dyes!8
(cf. section IV.G.1).

Finally some dyes of a more complex structure are
considered (64-68, Scheme XII). Compound 64 (Amax
=725 nm, log ¢ = 3.67)1%" and 65 (718 nm, log ¢ = 3.77),188
which absorb relatively weakly, may be seen as being
composed of two conjugatively linked meropolymethinic
chains whereas, 66 (n = 3,785 nm, log e = 4.77,n = 4

Fablan et al.
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830 nm, log ¢ = 4.45),189 67 (800 nm, log ¢ = 4.66),!%° and
68 (720 nm, log ¢ = 3.93)!%! are cross-conjugated
merocyanines. The latter compound is deeply colored
although the porphyrin ring structure is broken. Iso-
porpyrines such as 34 are another series with this
structure. Compounds 64 and 66 may be alternatively
assigned to the quinoid and 67 to the indigoid chro-
mophores.

D. Diphenyimethane, Triphenyimethane, and
Related Dyes

Introduction of conjugated HC—=CH and —C=C—
units into the classical diphenylmethane and triphe-
nylmethane dyes results in dyes 69 and 70 (Scheme
XIII) which absorb in the near-IR!92-1% (Table VII).
The vinylene shift which depends on the terminal donor
substituents of the diphenylmethane and triphenyl-
methane dyes is about 70-100 nm. In the diphenyl-
methane dye series, introduction of an acceptor sub-
stituent CN at the central carbon and replacement of
the central carbon atom by the more electronegative
nitrogen give rise to a significant red shift. This is in
agreement with Dewar’s color rules. The dyes 69 (n =
0,R; = R; = NMe,, R; = CN) and 71 absorb at 716 nm
and 725 nm,? respectively. For the samereason astrong
bathochromic effect occurs when CH* of crystal violet
isreplaced by N2* (72: 920 nm, log ¢ = 4.29 in MeOH7),

Dyes in the 73 series are of particular interest in the
optical data storage field?® because they exhibit a very
intense absorption band at about 800 nm (log ¢ ~ 5).
When substituted with the 2-carboxylatophenyl group
(R3) in the meso position they can form a lactone ring.
They are therefore useful as near-IR absorbing color
formers.1%8 The absorption bands of the dyes 73 have
the x-band in the near-IR region and the y-band in the
visible region.!® Dyes with electron-withdrawing sub-
stituents R; absorb at longer wavelengths.

Expansion of the conjugated w-electron system
achieved through insertion of the acetylene bond results
in a bathochromic shift.2-20¢ Near-IR dyes with this
structure (74, Scheme XIII) are presented in Table VIII.
The experimental data have been reproduced using PPP
calculations.202

Replacement of the phenyl ring of the triphenyl-
methane dyes by heteroatomic fragments results in a
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red shift of the x-band?0%2% (Table IX). Only dyes of
the structure 75 with protonated heterocyclic residues
R; absorb in the near-IR region.

Whereas insertion of a heteroatomic bridge in
Michlers Hydrolblue (69,n =0, R; = Ry = NMe, R; =
H) produces a blue shift, the opposite effect occurs with
insertion of an acceptor group such as CO. The
compound 76 absorbs in the near-IR (850 nm, log ¢ =
4.18 in MeNO,*"). However, in spite of the hetero-
atomic bridge dyes of the structure 77 absorb in the
near-IR if Ry = Hisreplaced by C=C—CH NMe,?02:204
(Table X). A decrease in the electronegativity of X
results in a bathochromic shift.

In agreement with perturbational considerations and
PPP calculations a strong red shift occurs on ring closure
to the fluorenyl cations 78203210 (Table X). An ab-
sorption band with a relatively small intensity is
observed between 900 and 1000 nm. A hypsochromic
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shift of the long wavelength absorption is observed with
donor substituents R;. The double peak observed in
the near-IR region may be due to components of a
vibrational fine structure of a single electronic tran-
sition. Dyes such as 78 substituted by the 2-carbox-
ylatophenyl group are in turn of interest for use as color
formers since they absorb in the 700~900-nm region.?*

Finally carbanions such as 79 should be mentioned.
If these compounds are substituted by more than one
nitro group, they absorb at more than 700 nm?2!2.213
(Table XI).

E. Quinone Dyes

Dyes based on the quinone chromophore are widely
used in the modern dyestuff industry, and a wide range
of colorants have been commercialized. The chemistry
of quinone dyes has been thoroughly reviewed by Ven-
kataraman®4 in 1971. Gordon and Gregory®¢ also
reviewed recent advances in the anthraquinone dye
chemistry in 1983, although they did not describe the
infrared absorbing quinone dyes.

Quinone molecules are well known as electron ac-
ceptors. Introduction of donors and/or acceptors into
the quinone nucleus produces visible to infrared ab-
sorption with intramolecular charge-transfer character.
1,4-Naphthoquinone and 9,10-anthraquinone are the
main chromophores for the colorants. The chro-
mophoric system has been quantitatively evaluated
using the PPP method.?15

The first synthesis of a near-IR absorbing 1,4-naph-
thoquinone was reported by Griffiths et al.?18 in 1978.
They obtained 5-amino-8-anilino-2,3-dicyano-1,4-naph-
thoquinone (80, Scheme XIV) by the reaction of 5-
amino-2,3-dicyano-1,4-naphthoquinone with aniline in
ethanol. In acetone this compound has a Ay, at 759
nm. Thisnovel direct 8-arylamination was reexamined
by Kasai et al.?!” and Matsuoka et al.2!® 5,8-Bis(ary-
lamino- and 5-amino-8-hydroxy-2,3-dicyano-1,4-naph-
thoquinones, which also absorb light in the near infrared
region, were isolated as byproducts.

Matsuoka et al.?!® reported on the reaction of 2,3-
dichloronaphthazarin with potassium 2-aminoben-
zenethiolate to give a new type of deeply colored bis-
ring-closure product 81 which was obtained in the
quinone form. It absorbslight at 725 nm. Similar ring
closure reactions of quinizarins with 2-aminothiophe-
nol have been reported by Peters et al.22° Theyobtained
the mono-ring-closure products which absorb light in
the visible region. This type of novel ring-closure
reaction produced many infrared absorbing quinone
dyes. Zinc 2-aminobenzeneselenate reacts similarly to
give the selena analog of 81. This compound absorbs
light at 727 nm, i.e. at slightly longer wavelength than
81 (Amax = 725 nm).22! A gimilar reaction of tetrabro-
monaphthazarin with potassium 2-aminobenzenethi-
olate gives the corresponding 1,5-bis-ring-closure prod-
uct 82 which absorbs at 780 nm. This compound is
more bathochromic than 81.222 Nishi et al.?3 obtained
asimilar phenothiazinequinone dye 83 (723 nm) through
the reaction of chloroaniline with aniline followed by
reaction with zinc 2-aminobenzenethiolate in dimeth-
ylformamide.

The anthraquinone analogs 84 (Scheme XIV) were
also synthesized from 2,3-dihalogenoquinazarin.??¢ They
absorb between 712 and 720 nm and thus at somewhat



1212 Chemical Reviews, 1992, Vol. 92, No. 6

Table VII. Spectral Data of Di- and Triphenylmethane Dyes

Fabilan et al.

no. n m R, R, Rs Ama® 1074 solvent ref
69 0 NMe; NMe; CN 716 5.37 MeNO, 171g
69 1 NMe; NMe, H 710 21.5 CH.Cl; 161
2 NMe2 NMez H 800 32.0 CHzClz 161
3 NMez NMez H 880 34.0 CHzClz 161
4 N Mez NMez H 980 38.0 CHzCIz 161
69 5 H H H 714 2.9 H.S0, 2b
6 H H H 758 3.3 H,S0, 2b
70 1 0 NMe; NMe; Ph 713 AcOH 192
2 0 NMe. NMe; Ph 810 AcOH 192
70 1 0 NMe; NMe, PhCH=CH 766 AcOH 192
70 1 1 NMe; NMe. Ph 815 AcOH 192
70 1 1 NMe. NMe: PhCH=CH 830 AcOH 192
73 0 NMe: He H 755 10.4 CHCl, 194
1 NMe; H H 833 20.8 CHCl; 194
2 NMe, H H 935 19.5 CHCl; 194
73 2 NMe, Cl H 942 15.1 CHCIl; 194
73 1 OMe OMe Cl 723 3.63 AcOH 196

¢In nm. ® In M! emL ¢ For derivatives of 73 with various R, and n = 0~2 (Apna 740-911 nm), see refs 193-196,

Table VIII. Spectral Data of Ethynologs of Di- and
Triphenylmethane Dyes (74)

n R R; Ris  Ama® 107 solvent ref(s)

0 NMe; 4-(NMey)C¢H, NO; 713 8.14 CH.Cl, 200
0 NMeg 4-(NMez)CsH4 NMez 727 8.51 CHzClz 201, 202
0 H Ph NMe; 705 3.89 CH.Cl, 203, 202
1 NMez Ph NMez 814 7.24 CHzClz 201

aIn nm. *In M cm™.

Table IX. Spectral Data of Heterocyclic Compounds
Related to Triphenylmethane Dyes (75)

Ry Ry? Amax® 104¢ solvent ref
a CeH; 865 3.98 AcOH 205
b CeH; 815 3.55 AcOH 205
¢ d 777 2.34 MeOH/H,0° 206
¢ € 721 4.37 MeOH/H;0¢ 206
c f 730 3.24 MeOH/H,0° 206
c g 732 1.91 MeOH/H,0¢ 206
¢ h 722 4.79 MeOH/H,0* 206

¢ In nm. * In M! ¢m™L. c Containing H;SO,. ¢ See Scheme 13
for structures.

Table X. Spectral Data of Dyes 77 and 78

no. X R Re Amax® 107%¢? solvent ref(s)

77 O H [4-(NMeg)CeHJC=C 737 7.24 CH:Cl; 202, 204

77 S H [4-(NMeg)CeH 1C=C 775 8.71 CH,Cl; 202, 204

77 Se H [4-(NMey)CeH,JC=C 802 8.51 CH.Cl; 202, 204

78 NMe; Phe¢ 955 2.0 AcOH 193,208
850 1.7

78 NMe; 4-(NMeg)CgH, 850 1.7 AcOH 193,208

78 NMe; PhC=C 1052 1.94 CH.Cl; 209
927 1.29

78 NMe; [4-(NMe)CeH,JC=C 956 1.53 CHCl; 209
718 8.02

s In nm. ® In M1 cm, ¢ Dye 78 with the heterocyclic residue
(R = 2-(2-OHCgH,)-3-indonyl) absorbs at 879 nm (log ¢ = 3.98
in MeOH/H*).210

shorter wavelengths than the corresponding naphtho-
quinone products 81. The introduction of additional
acceptor groups (Y) into ring A of dye 84 is possible.
Consequently many types of infrared absorbing an-
thraquinone dyes of structure 84 can be synthesized.?2%

Indonaphthol dyes are well known for their cyan color
in photography. They have been widely studied by
Weissberger et al.226 According to the results of mo-
lecular design using the PPP method, introduction of

Table XI. Spectral Data of 79

R, Ry  Ama® 1074 solvent ref
H H 704 4.06 ETOH/DMSO 212a
4-NO:-C¢H, H 775 443 HMP</NaOMe 212b
H H 787 583 HMP¢/NaOMe 212b
82 9.7 DMSO/NaOMe 213
H NO, 712 3.0 EtOH/KOH 212¢
708 5.4 DMSO/NaOMe 213

2,4-(NO);.C¢Hs NO., 715 EtOH/KOH 212¢
¢ Innm. ® In M~ em. - HMP = hexamethylphosphoramide.

an acceptor group into the quinone moiety and/or of
donor groups into the aniline moiety is expected to
produce a bathochromic shift of Anax.22” Introduction
of 2-carboxamide brings about a bathochromie shift of
about 120-150 nm, and the resulting dyes 85 (X =
CONHR,Y = H) absorb light at 690-730 nm. The 2,3-
dicyano derivative of 85 (X,Y = CN)228 absorbs light at
795 nm. A 212-nm bathochromic shift of Ay is
associated with the introduction of a dicyano group
into the quinone moiety. The latter is very unstable
and gradually reduces to the corresponding leuco
compound.

Yoshida et al 22230231 gynthesized cyanomethine
derivatives of indonaphthol 86 through the reaction of
1-naphthylmalonitrile or 1-naphthylcyanoacetamide
with p-(N,N-dialkylamino)aniline in the presence of
an oxidizing agent under alkaline conditions. These
compounds absorb light between 720 and 760 nm in
chloroform. PPP calculations confirm a strong intramo-
lecular charge-transfer character for the first excited
state of the chromophores. The cyanoimino derivatives
of indonaphthol are related to these near-IR dyes.231b

The synthesis of a series of quinoid ligands has led
to infrared absorbing metal complex dyes. These are
the 5,8-quinolinediones (87),12% 1,2-naphthoquinones
(88),128d 1.a7a-9,10-anthraquinones (89),232 azaindo-
naphthols (90),!2%s> and dihydro-3-(phenylimino)py-
rido[2,3-a]phenothiazines (91).12%233 Al] of these absorb
light in the visible region as free ligands but after the
formation of 1:1 or 2:1 (metal:ligand) metal complex
with Ni?* or Cu?* ions they absorb in the IR region.
The bathochromic shifts range from 30 up to 250 nm.
The e-values attained after metal complex formation
are 1-10 times those of the free ligands. Since these
are new classes of near-IR dyes some data are also
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Table XII. Spectral Data of Quinoid Dyes

no. substituent Ama® 1074  solvent  ref
80a 774 1.67 CHCly 218
8la 725 1.50 CHCIlg 219
82 750 3.24 CHCl, 219
84 X=H 712 1.50 CHCL 224
86 R = Me 722 2.55 CHCl; 229a
87 R =Et,Cucomplex 769 589 EtOH 129¢
8 R= Et Cucomplex 779 2.34 EtOH 129d
90 R=Et,Cucomplex 776 1445 EtOH 129a
92 X = H R n-CsH13 763 [ 235
93 X =H,R=NHPh 790 550 PhNO, 236
94 Ar =Ph 721 129 d 237a
95 R = alkyl 741 3.31 EtOH 238
96 6,10,11-Cls 710 1.60 DMF 239
97 769 5.13 benzene 240
98 782 3.47 Dbenzene 241

¢In nm. ¢ In M mol™% ¢ In liquid crystal. ¢ In trichlorobenzene.

presented in Table IV. Yoshida et al. have recently
reported a series of dyes incorporating a redox system
90.233 The leuco dyes 90 easily produce intense ab-
sorption bands in the near-IR region on metal chelate
complexation-oxidation and will form a new class of
color formers.

Some anthraquinone derivatives absorb light over
700 nm. These include the N-alkyl-12,12a-dihydro-
1,4-diaminoanthraquinone -3’-thio-2,3-dicarboximides
(92) which are employed as deeply colored dichroic dyes
for guest-host liquid crystal displays and optical re-
cording media.?®23%5 The well-known indanthrene
pigments 9323 are also employed as optical recording
media, and 2-(arylamino)-3,4-phthaloylacridones (94)%%
are used as deeply colored disperse dyes or pigments.
Tetrakis(arylamino)anthraquinones (95) absorb light
at 740 nm and are useful as organic filters in diode
lasers.??® 8-Methylnaphtho[1,2-b] phenazin-5(8H)-one
(96)2% absorb at about 700 nm. The novel branched
conjugated quinoid dyes 9724 and 982! absorb strongly
at 770 and 782 nm, respectively.

Indigo absorbs light at 605 nm but its monoanions
99 (R = H, R = SO;3K) and the metal complex 100 absorb
at considerably longer wavelengths (773 nm?¢? and 748
nm,?# respectively). According to ref 244a trans-
pyrenothioindigo 101 exhibits an absorption band at
728 nm, whereas the cis isomer absorbs in the visible
region only. A significant red shift has recently been
observed when the ethylenic bond of indigo dyes is
replaced by a quinoid one such as in 10224 (705 nm,
log ¢ = 3.76, in CHCl;) and related indigoids. Spectral
data of some typical quinoid near-IR dyes are presented
in Table XIL

F. Azo Dyes

Because of their usefulness as dispersion dyes?5-247
and in guest-host liquid crystals?4 much research into
deeply colored azo dyes was stimulated. Absorptions
at long wavelengths are produced if azo dyes bear
electron-donor groups and electron-withdrawing groups
in different parts of the molecule. The benzenoid
fragments may be replaced by heterocyclic units. In
the case of cationic compounds the dyes are diazacy-
anine dyes.

Only few azo dyes display absorption maxima at more
than 700 nm. Griffiths and co-workers®® were the first
to synthesize near-IR monoazo dyes such as 103
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SCHEME XV
ClaN ;2 N:}JN
NN = NRqR 103a: A =
RS Q R tomas
! NG
N
0
NS N
C: A= s
0'\0

02N©—N=N Q =N—©—NEY2
$ ) eN o

104 02N</::/\>~N=N-®-N=N-Q—NEQ
N NHAC
N 105
- -
e

P—cN

106 CN
(Scheme XV) (103a, 725 nm, log ¢ = 4.88; 103b, 700 nm,
4.83, Ri12 = H, R34 = Et in both cases; 103¢, 778 nm,
492, R; = NHAc, R; = OMe, R; = H, R, = CHMeBu?,
in CH.Cly). These dyesshow positive solvatochromism.
The Apex values are displaced to longer wavelengths by
around 25 nm on going from CH,Cl; to the more polar
DMSO.

Another series of near-IR dyes are the polykisazo
dyes. 248250 Two typical bisazo dyes are 104 (710 nm,
log € = 4.33 in CHCl) and 105 (706 nm in AcOEt),248b:250
Less is known about the structure of polykisazoben-
zenes in concentrated sulfuric acid where Anay values
of up to about 800 nm have been recorded for long-
chain compounds.?! Some metal complex bis- and
trisazo dyes show good light sensitivity in the visible,
near-IR, and IR regions?5? (cf. section IV.B). They are
resistent to heat and light?53 and are used for printing
and in plate making for near-IR lasers.2632542 For
applications in lasography see section IL.C. They are
also found in near-IR readable inks.254b

The intense absorption of the above previously
mentioned dyes are due to 7—r* excitations. 248255 Many
of them have intramolecular charge transfer charac-
ter.25 The large absorption intensity, however, indi-
cates marked electron delocalization in the ground and
lowest energy m<=* excited states. This increases on
going from the neutral azobenzene to the cationic di-
azacyanine dyes.

In structure 106 the [(dimethylamino)phenyllazo
group obviously increases the acceptor strength of the
CT chromophore giving rise to an absorption at more
than 700 nm (Amex = 708 nm, log € = 4.96, in MeCN256),
Such as these chromophores are discussed in the
following section.

G. Miscellaneous Chromophoric Systems

1. CT-type wn* Chromophores

Dyes of low symmetry composed of two or more
loosely joined fragments may display intramolecular
charge transfer (ICT) bands. In such cases, one
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fragment is a donor and the other an acceptor, and
partial electron transfer occurs on =—n* excitation. The
donor and acceptor strengths determine the absorption
wavelength. The Ap.: values of the azamonomethines
for example, increase on going from 107 (R;2 = H) to
107 (R1,R; = HC=CHCH==CH) (Scheme XVI) from
755 nm (log ¢ = 4.41) to 850 nm in CH;Cl1,%578 due to the
increased donor strength of the aryl substituent. The
bathochromicity is increased if N is replaced by CCN.%7
As shown by Balli and Kleiner!’, substituents of
different acceptor strength bring about a strong shift
in the Amax (log ¢) values in the ullazine (indolizino-
[6,5,4,3-ijalquinoline) derivative series 108 in CHCl;:
a, 608 (4.58); b, 662 (4.68); ¢, 763 (4.82); d, 836 (4.74)
e, 1007 (3.08); f, 1040 (4.00).

The charge migration on excitation is connected to
a change in the dipole moment which, in turn, results
inappreciable solvent effects.?®8 Absorption inthe near-
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IR occurs if the donor and acceptor strength are
sufficiently strong and the bonding between the frag-
ments is weak. Otherwise the r-electron system will
be delocalized and the ICT character of the excitation
is low.

In spite of strong delocalization of the =-electron
system in composite donor-acceptor compounds such
as in many meropolymethines (merocyanines) as well
as quinone and azo dyes, the lowest energy excitation
retains some ICT character. In 109, the dipole moment
increases on excitation and a positive solvatochromism
has been observed on going from apolar to protic
solvents!éla (CH, 606.5 nm; MeOH, 820 nm). The
opposite behavior has been found for 110 (X = N:
CHCls, 773 nm; EtOH, 703 nm).?® The latter shows
negative solvatochromism. Because of some interfrag-
mental overlap the absorption coefficients of the ICT
bands of these dyes are relatively high (log ¢ ~ 3). The
quinarene 111 (C¢H;Br: 934 nm) exemplifies another
geries of compounds which display negative solva-
tochromism.260

Junek and co-workers synthesized some carbodini-
triles which absorb above 700 nm?261.262 (e.g, 112: 755
nm, log e = 3.90 in CH,C1,?!). At this point, some more
or less solvatochromic cationic zeromethine dyes should
be mentioned.28® In these dyes heterocyclic or carbo-
cyclic donor groups are immediately linked to the
heterocyclic acceptor groups such as pyrylium or thi-
opyrylium.?63 They also absorb at more than 700 nm.

Another series of near-IR chromophores are zwitte-
rionic compounds,28.264265 ¢ g 113,265 114,265 and 115%4i
(Amax values more than 700 nm in nonpolar solvents).
As shown by Reichardt and co-workers N-pyridinium
phenolates such as 115 display very strong solvatochro-
mic effects and are therefore used as solvent indica-
tors.258 The absorption band of 115 is shifted from the
near-infrared into the visible region if the polarity of
the solvent is increased (115a cyclohexane, 924 nm;
MeOH, 524.8 nm;?¢4 115b chlorocyclohexane, 828 nm;
MeOH, 488 nm?4),

Staab and co-workers266:267 described donor-acceptor
cyclophanes with broad bands in the near-IR. The
compounds show positive solvatochromism, e.g. 116 (in
n-CgHys, 827 nm; in DMSO, 1094 nm). Cyclophanes
such as 116 are related to electron donor—acceptor
(EDA) complexes which are formed between donor and
acceptor compounds in less polar solvents. They may
also be deeply colored due to a broad weak intermo-
lecular charge transfer band.

The spectral data of EDA complexes have been
reported elsewhere.268 They have been extensively
studied, with hydrocarbons and their donor-substituted
derivatives?6826° and heterocycles?” serving as donors
and TCNE and TCNQ as acceptors. A bathochromic
shift occurs if TCNE and TCNQ are replaced by 2,3-
dichloro-5,6-dicyano-p-quinone.2’t Near-IR absorbing
EDA complexes have been described with additional
nitriles?’? as well as with carbo- and heterocyclic
cations.?’® Intermolecular EDA complexes between car-
bazoles and naphtho- and anthraquinones absorbing
in the near-IR have been studied in search of optical
recording media for diode lasers.2”* Complexes between
organic compounds in different oxidation states such
as aromatic amines and diiminium cations?’ have also
been discussed. However, radicals or dimericstructures
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generated through electron transfer may account for
the observed near-IR absorption (see vide infra).

In general, absorption maxima in solution are very
similar to those measured either in the solid state or in
KBr pellets.2’® This is not necessarily the case if the
donor and/or acceptor strength of the component is
large. Long wavelength absorptions may be either due
to pure ionic radical salts (cf. section IV.G) or mixed-
valence complexes (absorbing up to the middle IR).2"”
The mixed valence complexes may exhibit electrical
conductivity (organic metals). Their optical properties
are similar to those of conducting polymersi.e. they are
due to metallic free carrier interband absorptions.?’8
The electronic transitions of doped polymers have been
discussed in terms of both soliton and bipolaron
defects.278d-f

2. CR- and MX-type wnw * Chromophores

If two identical chromophoric fragments are weakly
joined in a single molecule or if molecules dimerize
through a “two-way charge transfer” this can also be
considered as charge resonance (CR). CR configura-
tions will more or less generally mix with molecular
exciton (MX) type configurations of chromophoric
substructures. The excited state is, however, essentially
of the MX-type if the interaction is weak and negligible.

An MX-type interaction in composite molecules
results in a splitting of the longest wavelength absorp-
tion band. The longest wavelength component, there-
fore, is more strongly shifted to the near-IR relative to
the absorption band of the subchromophores or the
monomeric chromophores. The intensity of the first
absorption band is very large if the chromophores are
laterally shifted rather than arranged in a stacklike
fashion. Near-absorbing MX/CR chromophores are
contained in various bichromophoric dyes?®18 and dye
aggregates.?? The bichromophoric cyanine dye 117
(Scheme XVII) absorbs at both 688 nm (log ¢ = 4.97)
and 827 nm (5.49) in MeNO;, whereas the dye containing
the subchromophore absorbs at about 740 nm 2

Such interactions may also account for bathochro-
mic shifts observed on going from solution to the
crystallinestate. There are dyes of practical importance
which absorb in the near-IR in the solid state only, e.g.
squaraines,?®!8! triphenodiozazines,?®? and 3,6-diphe-
nylpyrrolo[3,4-c]lpyrrole-1,4(2H,5 H)-dithione.?®
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Mutual charge transfer has also been used to explain
the near-IR absorption bands (“CT band”) of dimer
radicals that are diamagnetic in contrast to the mono-
mers.2828¢ The dimer radicals of phenylenediamine
118 and TCNQ 119 absorb at longer wavelengths than
the respective monomers (about 800 nm?®® and 1200
nm,2 respectively). Dimeric substructures are also
found in various radical salts in the solid state if the
radical molecules are arranged in segregated stacks.2772.287

Very long wavelength absorption are observed if two
radicals are joined by a chemical bond. The color of
some dications (e.g. 120, Apex = 1090 nm, log ¢ = 5.02
in CH,Cl,)% and dianions (e.g. 121, Amex = 866 nm, log
¢ = 4.15 in DMF)?8 might be understood in terms of
such an interaction between two radical fragmentssuch
asindicated by the formulae 120 and 121. Withrespect
to the MO’s involved in the lowest energy excitation,
the near-IR absorption can also be discussed in terms
of a =~ excitation in the case of 114 and as =*—7*
excitation in the case of 121.

Dications related to 120 have been studied in relation
to the optical recording media.?®® For additional di-
cations and dianions absorbing at more than 700 nm
see refs 290 and 291, respectively. The dianion of a
triquinoid compound absorbs strongly at 1900 nm in
DMF (log e = 4.87). 212 In astudy of hexaazaoctadecahy-
drocoronene cations its tetracation has also been
identified. It absorbs at about 1000 nm.?®?

3. Non ©m® Chromophores

ox* and wo* near-IR chromophores generally display
low absorption intensities. Most nitroso compounds
absorb at more than 700 nm,?* but azo,?® thiocarbon-
y1,2% and selenocarbonyl compounds®*® absorb only in
this region with substituents that strongly increase the
electron affinity. Less is known about thionitroso
compounds absorbing in the near-IR.%" Spectral data
for 122-125 (Scheme XVIII) are given in Table XIII.
Absorption bands of these compounds show negative
solvatochromism and are well described in terms of
n—r* transitions. Tertiary nitrosoalkanes in solid
polymer matrices have been used for holographic
recordings using diode lasers.?%®

Cyclic conjugated disulfides display weak absorption
at long wavelengths which have been interpreted as
m—o* excitations.?® Some 1,2-dithioles and hetero
analogs absorb at more than 700 nm.?® As shown for
1,4,5,8-tetrachalcogenonaphthalenes (125, R, = Me) the
absorption wavelengths of the first maxima increases
on passing from X = S via Se to Te (cf. Table XIII).
These compounds form semiconductive complexes with
TCNQ.

H. Radical Dyes

A large number of radical organic compounds with
conjugated bond systems are known to be deeply
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Table XIII. Spectral Data of ox*- and
xo*-Chromophoric Compounds

no. X R, R, Amaz® ¢

solvent ref

122 O Ph 750 45.0 MeCN 293b
S NMe; 705 1.5 CH 297
123 N SiMe; SiMe; 785 5  hexane 294a
N OC(CEt;)CO 724 37 CH,Cl, 294b
124 S SiMe; SiMe; (756)¢ 295a
S H,Cs—CeH,¢ 759 8  3-methyl- 295¢
pentane
Se t-Bu t-Bu 710 21 CH 296a
Se H Mes/ 758 39  hexane 296b
125 S Me 700 56 CHCls 300a
Se Me 855 167 CHCl; 300a
Te Me 1028 148 CHCl 300a

¢ First absorption maximum in the case of vibrational fine
structure. * Innm. ¢ In M- cm™. ¢ Estimated from 13C chemical
shifts. ¢ 0,0’-Biphenyl. / Mes = mesityl.

colored. Many of them are transient cations or anions
formed through the oxidation or reduction of organic
compounds. They are also generated by exposing
organic compounds to ionizing radiation (electrons and
v and x-rays) in appropriate matrices. Shida and co-
workers have performed systematic spectroscopic stud-
ies in y-irradiated gamma frozen solutions of Me~THF
(formation of anions) and in BuCl (formation of
cations).%0!

Near-IR absorbing cation and anion radicals have
been obtained through the ionization of various con-
jugated hydrocarbons and heterocycles.?013%8 The
spectra of radical ions of polyenes?’8:302303 including
carotinoides,? acenes up to hexacene,0%30% perylene
and derivatives,3® pyrroles,®®” and porphyring3%® have
been more extensively studied. In agreement with the
pairing theorem, the spectra of cation and anion radicals
of alternant hydrocarbons closely correspond to each
other. Acceptor-substituted benzenes favor formation
of anion radicals (e.g. near-IR absorbing ketylg301:302)
and donor substituted benzenes favor those of cation
radicals (e.g. near-IR absorbing tri- up to hexa-
substituted benzenes®).

The above mentioned radicals are in general less
stable and sensitive to air. Moreover, the first absorp-
tion band may be of low intensity, e.g. in the case of
aromatic hydrocarbons.?0%810 The resulting detection
of these absorptions is more difficult using absorption
measurements although its position has been indirectly
estimated in many cases using photoelectron spectros-
copy.319311 In the case of Koopmans-type transitions,
the difference in the first ionization energies of the
neutral compound corresponds approximately to the
lowest energy electronic transition of the radical cation.
The same holds for the difference of the lowest energy
electron affinities as determined by electron transmis-
sion spectroscopy of the neutral molecule. This dif-
ference corresponds approximately to the lowest energy
transition energy of the radical anion.?2

As shown and reviewed by Zahradnik and Carsky3!®
the absorption features of such radicals are well
reproduced semiempirically by means of the LHP
method. There is a regular shift of the first absorption
band to longer wavelengths if the chain length is
extended.

The derivatives of substituted benzenes, heterocyclic
compounds, and quinones are more stable radical
ions.314-325 They contain branched conjugated poly-
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methine structures, such as in 126-135 (Scheme XIX).
Relevant data are collected in Table XIV. Most of these
radicals absorb intensively in the near-IR region (log
e ~ 4). As demonstrated for 135 (R = 2,5-tert-
butylphenyl) Ama, values as large as 1700 nm have been
found.

The near-IR absorptions of di- and triaryl aminiumyl
cations 126514 have been studied in solution. These are
mostly compounds of green color. The anionic coun-
terparts are borenate radical anions that absorb in-
tensively at about 800 nm.326

Deeply colored Wurster-type salts obtained by ox-
idation of p-phenylenediamines or benzidines (127, n
= (,1, X = NR;) are relatively stable compounds.3!®
Examples are the various salts of anionic radicals
derived from strong electron acceptors, such as quinones
(eg. 128, n = 0, X = 0)%6 and tetracyanoquin-
odimethanes (e.g. 128, n = 0, X = C(CN);).%17327 Many
compounds containing radical anions have been syn-
thesized in the search for organic conductors.3?* For
the same reason, radical cations of tetrathiofulvalenes
and their hetero analogs and vinylogs of the general
structure 129 have received much attention.3'® The
related dendralenes should also be mentioned.?0¢
Radicals such as 129 and 130 are known as Weitz-type
radicals.

The radicals 131-135 are derived from heterocyclic
6-membered rings (phenodiazines,3?° phenothiazines,32!
and thianthrenes3??), from heterccyclic azines,?2 from
dithioles, 522324 or from di- and triquinone and deriva-
tives.?? Spectroelectrochemical studies have furnished
a great variety of spectral data. The practical appli-
cation of radical dyes has been studied in ECD displays
sensitive to near-IR light.3?® Near-IR absorbing Weitz-
type radicals are also generated in redox photochromic
systems.??°

Dimerization (“pimerization™) of Wurster-type rad-
icals such as 127255 and Weitz-type radicals such as 130°1°
in solution or in the solid state lead to absorption at
longer wavelengths than the corresponding monomers.

The diazatetramethine radical 136 is a derivative of
a short chain polymethine dye. It absorbs in the near-
IR (Amax = 1150 nm).33% The absorption maxima of
radical dyes undergo a regular shift to longer wave-
lengths in vinylogous series such as 137-14133! (Table
XV). Vinylogous dyes have been extensively studied
by Hiinig and co-workers. These radicals are “semi-
quinones” (SEM), i.e. intermediates of a two-step redox
reaction (OX = SEM = RED).332 The first absorption
band of the polymethine structures 137-141 display a
regular shift in wavelength of around 100 nm. MO
theory predicts two absorption bands at long wave-
lengths. Experimentally structured absorption bands
are observed. An additional electronic transition not
yet identified may also be involved.

The previously mentioned vinylogous radicals are
counterparts of the nonradical polymethine cyanines.
They are also known as polymethine violenes. The
Wurster- and Weitz-type radicals mentioned earlier are
branched conjugated representatives of this series.

Finally some neutral radicals which are well char-
acterized in solution should be mentioned. Some which
are less sensitve to air were obtained as liquids and
crystals. Spectral data of a few neutral 142-149 radicals
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Table XIV. Spectral Data of Wurster- and Weitz-type Radicals
no. X Y R, R, n Amar® 1073¢ solvent ref
126 Me H 714 CF;,COOH 307a
OMe H ~780 KBr 314b
Me CsHMe 720 KBr 314d
OMe CsH4OMe 723 24.4 CHzClz 314g
Br CsHBr 727 20.9 CH.Cl; 314f
127 NPh; H H 0 820 MeCOMe 6¢
SMe H H 0 725, 787 H,SO0, 315d
NMe; H H 1 1075 s-BuCl 301
NPh, H H 1 1240 MeCOMe 6¢c
OMe H H 1 ~800 ~15.8 MeNO,, AICl; 315e
128 0 CH=CH—-CH=CH 0 890, 1010 Me-THF 301
0 H H 1 800 7.5 MeCN 316
0 Br H 1 775 2.3 MeCN 316
C(CN). H H 0 842 40.5 MeCN 317b
NO, H H 0 926 Me-THF 301
NO. H H 1 1480 Me-THF 301
129 S CH=CH CH=CH—CH=—CH 782 11.7 PhCN 318¢
S 1,4-CeH, CH=C(Me)—CH=CH 762 MeCN 318e
S CSMe=CSMe SMe SMe 980 318d
Se H H 700 5.1 MeCN 318f
S CH=CH H H 760 290e
S 2,6-CmHs Me Me 785 MeCN 3188
130 NME Ph 770 8.3 MeCN 319
0 Ph 785 22.4 MeCN 319
S Ph 868 20.9 MeCN 319
131 NMe NMe H 719 1.63 MeCN 320¢
NMe S H 784, 880 4.5,4.5 CHCl, 321f
S S H 920, 1050 H.S0, 322¢
S S OMe 840 10.0 MeNO; 322d
Se Se OMe 820 11.0 MeNO: 3224
132 NMe NMe 686 10.47 MeCN 323a
NMe 0 793 9.12 MeCN 323a
NMe S 814 11.7 MeCN 323a
NMe Se 860 11.5 MeCN 323a
NMe CMe; 955 9.3 MeCN 323a
133 S CH=CH—CH=—CH 1267 5.0 MeOH 324a
134 0 H H 0 900 4.5 DMF 325¢
0 H H 1 1560 16.2 DMF 325¢
0 CH=CH—CH=CH 1 1335 4.5 DMF 325¢
NCN CH=CH—CH=CH 1 1520 15.0 DMF 3256d
135¢ 1730 26.9 DMF 325e,f

¢In nm. *In M em™. ¢ R = 2,5-di-tert-butylphenyl.

arecollected in Table XVI. Whereas near-IR absorbing
triarylmethyl radicals are only known in solution,333
some allyl type radicals are more stable.3343% Verdazyls
(e.g. 144) are green crystalline compounds and were
extensively studied by Kuhn and Neugebauer.3? The
long wavelength absorption band is due to a 7-r*
transition.3%2 Because of their fluorescence they have
been tested as dye lasers.3®b another interesting series
is the phenoxide radicals.?®” The relatively stable blue
145 (R = t-Bu) absorbs most strongly in the visible
region®7 but the Ap,, is shifted to the near-IR if ¢t-Bu
isreplaced by Ph3 (cf. Table XVI). Many galvanoxyls
146 (X = CH) and their aza analogs (X = N) absorb in
the near-infrared.?® Both the galvanoxyl3¥ and ver-
dazyl chromophore®8b have also been incorporated into
polymeric chains,3%

Diradicals and triradicals of verdazyl®* and gal-
vanoxyl3*’d behave spectroscopically as mono radicals
but spin pairing has been found using ESR spectro-
scopy. The Ap.x values of the bi(or tri-)chromphoric
dyes corresponds closely to that of the monomer but
their intensity is twice (threefold) that of the monomer.
The interaction between the chromophoric substruc-
tures is obviously very weak. This is due to the node
properties of the singly occupied MO’s of the radical
fragments.

Weak and broad absorption bands tailing into the
near-IR region have also been observed for the rather
stable pyridinyl34¢ (e.g. 147) and oxoindolizinyl radi-
cals.’® Both series of radicals may be considered as
branched-conjugated polymethines or, according to
Viehe and co-workers,?2 as radicals stabilized by the
captodative effect. Some vat dyes absorb in the near-
IR absorption because they contain radical species.343

Near-IR absorption maxima have also been reported
for some aminyl** (e.g. 148) and hydrazinyl radicals.?4
4,5-Bistrifluoromethyl)-1,3,2-dithiazolyl (149) is an
example of a thermally stable heterocyclic radical which
undergoes in part pimerization on passing from the gas
to the liquid state.*®¢ The near-absorption at about
740 nm is only weak.

Two near-IR chromophores of radicals may be weakly
joined in a single molecule displaying the absorption
features of the radical components. Compounds like
that are formed, for example, if the ethano-bridged
viologene pyromellitimide accepts an electron resulting
in a zwitterionic biradical structure.’’

Extremely long wavelength absorptions are expected
if the unpaired electron is distributed over two weakly
joint molecular fragments of the same structure. Shida
and co-workers actually found absorption maxima as
large as 2000 nm by converting hydrocarbons bridged
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Table XV. Spectral Data of Polymethine Violenes
no. X Y R; R. n Ama® solvent ref

136 1150 MeCN 330
137 NMe CMe: 774 MeCN 33la
884 MeCN
996 MeCN
1135 MeCN
1290 MeCN
814 MeCN 331b
959 MeCN
720 MeCN 33lc
845 MeCN
930 MeCN
834 MeCN 33lc
930 MeCN
1063 MeCN
982 MeCN 331d
1112 MeCN
1258 MeCN
1420 MeCN
1010 MeCN 331d
1118 MeCN
1240 MeCN
1350 MeCN
783 MeCN 331g
926 MeCN
1073 MeCN
935 MeCN 331g
1093 MeCN
1264 MeCN
740 CH:Cl; 331e
785 MeCN 319
925 CH.Cl; 33le
724 MeCN 331g
860 MeCN
882 MeCN 33lg
983 MeCN
1096 MeCN

NMe S
138 NMe H

NMe Me

139 N CH

CH N

140 NMe H H

NMe CH==CH—CH=CH

t-Bu H
Ph H

o0

141 NMe
NMe CH=CH—CH=CH

CLONFHWNFHOF RN F COBN K W CODN b CON K CORN PN O 0N O GO N

2In nm. * In M mol.

Table XVI. Spectral Data of Neutral Radicals

no. X R, R, Ama® 1073  solvent  ref
142 H 780 11.7 SO, 333a
Ph 820 120 SO, 333a

143 CPh 860 1.6 dioxan 334a
N 787 ~2.0 dioxan 334a
144 t-Bu  CeHNO, 704 8.5 dioxan 335d
Ph Ph 720 43 CgHg 335a

145 Ph Ph 750 3.0 propanol 337b
146 CH ¢-Bu ¢Bu 770 29 CClL 338b
CH ¢Bu Ph 815 1.9 CClL 338b

N Ph Ph 840 3.0 CcCL 338b

147 632.6° 0.08 MeCN 34l1a
148 Me ~735 benzene 344

OMe 740 benzene 344
NMe; 784 8.7 benzene 344
149 738 0.26 hexane 346

¢In nm. * In M! cm™L ¢ Broad absorption band up to more
than 900 nm.

via methylene groups or linked to paracyclophanes into
ions (e.g. 150, 1960 nm and 151, 805 nm, in Me~THF.30
Near-IR absorptions are also observed for ions which
consist of two weakly linked aryl®’! or heteroaryl
residues, 132,301,348

Further examples are cations derived from phe-
nylenediamine and related compounds. According to
Matsuoka‘e 152 absorbs at 950 nm (log ¢ = 4.38) and
1470 nm (log ¢ = 4.31) in CH:Cl,. Compounds such as
these proved of interest due to their usefulness as near-
IR absorbing dyes in heat and pressure recording
materials. 289,349
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The long wavelength absorptions mentioned above
are reminescent of those observed with the bisferrocene
TCNQ complex (1550 nm, log e = 3.28).35% In that case
the near-IR absorption is due to the bisferrocene cation
which is of a mixed valence structure (intervalence
transfer bands).3%0b

V. Summary and Outlook

There are a great number of organic compounds that
absorb intensively above 700 nm and up to about 1300
nm due to electronic excitation. The basicacyclic near-
IR chromophores (polymethine dyes) as well as the basic
cyclic near-IR chromophores (annulenes, porphyrines,
and tetraazaporphins) are well known. They can be
widely modified through substitution, annelation, com-
plex formation, etc. Empirical knowledge and semiem-
pirical quantum chemical approaches such as the =
methods HMO, PPP, or LHP permit the prediction of
designer dyes that absorb at definite wavelengths within
this absorption region. Structurally more complex near-
IR dyes with some meropolymethinic, quinonoid, and/
or indigoid character will eventually be found. Color-
structure-relationships are at present better known and
more reliably predictable for closed shell than for open
shell systems. Absorption in the mid-infrared is
observed for organic metals but so far has been less
well studied.

After the search for photographic materials capable
of sensitizing up about 1300 nm and dyes lasing up to
about 1800 nm, the more recent interest in near-IR
dyes has been directed to developing photoreceptors of
diode lasers that emit tunable light at about 800 nm.
Applications to optical memory devices have strongly
revived research. Naphthalocyanine and quinone dyes
are relatively stable dyes, whereas cyanine dyes have
to be to stabilized by additives. In some interesting
new applications near-IR dyes are produced in pho-
tochromic processes, or near-IR absorbing radical dyes
are generated through chemical or electrochemical
redox processes.

If diode lasers that emit tunable light in the UV/vis
region become available near-IR dyes on optical disks
may be replaced by conventional dyes. However, near-
IR dyes will continue to attract increasing interest in
photodynamic therapy due to the fact that tissue
penetration using near-IR dyes is optimal in the near-
IR spectral region (~760 nm).

There is no reliable information available concerning
the upper limits of absorption wavelengths of molecular
species on going to longer wavelengths. Theoretical
predictions must be considered with caution as long as
the molecular geometry of large r-systems is unreliably
predicted and electron correlation not treated better.
Singlet molecules of very low electronic excitation
energy are biradicaloid and may undergo molecular
distortion because of vibronic interactions. The con-
ventional semiempirical quantum chemical methods
mentioned above do not take electron correlation
sufficiently into consideration. Here is a definite need
for better methods, and MCSCF-CI and RPA look
promising in this account.
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Abbreviations, Conventions, and Dimensions

near-IR near infrared

Amax wavelength at maximum absorption, in nm

€ molar decadic absorption coefficient, in cm™ M™!
(= L mol! em™ = cm? mmol1)

CH cyclohexane

DMF dimethylformamide

DMS dimethyl sulfoxide

THF tetrahydrofuran

TCNE tetracyanoethylene

TCNQ tetracyanodiquinomethane
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