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Kinetics of Salt-Induced J-aggregation of Cyanine Dyes
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The addition of monovalent, divalent, and trivalent metal ions to three anionic migstthiacarbocyanine

dyes, an ethymeseoxacarbocyanine, and an imidacarbocyanine in agueous solution at room temperature
results in the production of J-aggregates within the range of tens to hundreds of seconds. The rate of formation
of J-aggregates correlates with the rate of decay of dimers or monomers and is dependent on the type of
metal ion, dye structure, and temperature. The rate of formation of J-aggregates increases as the temperature
decreases and the dye and salt concentrations increase, and the rate is highest for trivalent ions and smallest
for monovalent ions, independent of the type of anion. The time course of formation of J-aggregates is described
in most cases by a sigmoidal curve, and the kinetics and mechanism are discussed within the framework of
autocatalysis. Computer simulations reveal that the sigmoidal time dependence is transferred to an exponential-
like curve by substantially increasing the rate constant for the noncatalytic step. The reaction pathway into
J-aggregates can be switched from dimeric ion pairs as the reactant to monomeric ion pairs, when the rate
constant for the catalytic step via the monomer becomes larger with respect to that via the dimer.

Introduction regularly in solutions and result in a loss of homogeneity and
the appearance of local turbidity, resulting in alterations of the
light beam used to monitor the kinetics of aggregation by means
of spectrophotometry. The kinetics of J-aggregation were mostly
studied with 1,%diethyl-2,2-cyanine iodide (PIC) in aqueous
fsolutionf‘o‘43 J-aggregation was observed to occur in the

Cyanine dyes demonstrate a unique ability to form associates
such as dimers and H- and J-aggregétésThe latter were
originally discovered by Jelley and Schebdélthough the
dimers are the simplest aggregdiesJ-aggregates are repre-
sentatives of polymer-type assemblies, which are composed o : . )
many thousar?dsyof dyg F;nonomt-’s?s%3 Primarily, the inteprest presence of relatively high concentrations gf NaCl 053,
to study J-aggregates was based on their ability to sensitize2> well as on a polyvinylsulfonate templdfé®The results are

. ; escribed by “one-exponent” (first-order) kinefitand are in-
AgHal photographic emulsions, where J-aggregates are forme s . S
. . terpreted as a “simple” assembly of a self-similar fractal otffect.
upon adsorption onto AgHal microcrystéls* Recently, new

applications of J-aggregates in electroluminesctnée and Rather unusual was the observation of a negative temperature

nonlinear optical devicé% were reported. This provides new coefficient of J-aggregation for PIE.

impetus to study the properties of J-aggregates and to explore \_Ne_ have r_ecently studied the kinetic's ?f J-aggregation of
the mechanisms involved in their production. anionic 3,3-di(y-sulfopropyl)-5-methoxy-45'-benzo-9-ethyl-

J-aggregation was found to occur in aqueous solutions andthlacarbo_cyanlne:u) In aqueous SOI.Ut'On atroom temperattite.
water-methanol mixtures in the absefiéé0and presengg0-2s 1€ maximum rate of J-aggregationftit)max was shown to
of mostly monovalent metal ions, in the presence of surfac- _be nonlinearly dependent on dye concentra_\tlon and s_trongly
tants20.2627polyelectrolyte€d-3 polymerst®-32and Langmuir increase when going from monovalent (alkaline) metal ions to

Blodgett films3033 J-aggregation is affected by the structure of divalen'g (transition) anq trivalent (rare—ear.th) metgl lons,
cyanine dyes, where the presence of substituents in heterocyclicf gspectlvely. The formation of J-aggregates is described by a

residues and th&l-alkyl chain length influence the aggrega- sigmoidal time_ course and was c_onsidered as an irreyersible
tion 3436 J.aggregates are characterized by unusual spectro-PrOCESS: The kinetics and mechanism were rationalized in terms

scopic features, such as an extremely narrow and intense absorpQf autocatalysis.

tion band, as well as a small Stokes shift in fluorescence (almost N this paper, we extend the investigations of the kinetics of
resonance fluorescence). The properties could be simulated on-aggregation to two ethyhesethiacarbocyanine dye2,(3),
the basis of one-dimensional molecular exciton moéfef¥. an ethylmeseoxacarbocyaninedj, and an imidacarbocyanine

In contrast to the great amount of data on J-aggregate prop-(5) induced by the fast addition of certain monovalent, divalent,
erties in the excited and ground states, information regarding @"d trivalent metal ions, and we consider J-aggregation as a
the kinetics of J-aggregation is limited to a few publicatit:43 reversible process. We intend to clarify the role of metal ions
One reason for this is due to experimental difficulties in the and, in particular, their charges as the essential factor governing

measurement of the kinetics. J-aggregates are developed irfN€ rate of formation of J-aggregates as well as to ascertain if
the rate is a nonlinear function of the dye concentration. Fur-

* Author to whom correspondence should be addressed. E-mail: thermore, we focus on the elucidation of the effect of the cya-
goerner@mpi-muelheim.mpg.de. nine structure on the ratedgdt. We also studied the effects of
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temperature on the kinetics. A final objective is a detailed A N T :
examination of the role of autocatalysis, possibly as a general 12 Lo
mechanism for the J-aggregation of cyanine dyes. L2F . o i
04 64 N
1 2 3 09F ,bL° LISV NUNUNIN i
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The principal results of this study are a nonlinear dependence 500 550 600 A(nm) 650

of the rate of J-aggregation on the dye_ concentration a_nd astrong':i ure 1. Absorption spectra o (10 «M) in water at 24°C in the
dependenc_e on the charge of ”.‘eta' |0ns._The negatl\{e t(':‘mper'prgsence of Mn(pNg)z (0p.2 mM), a(s aﬂfurzction of time. Inset shows
ature coefficient of J-aggregation for thiacarbocyanines and ihe kinetics at®) 650 nm and £) 534 nm.
imidacarbocyanines reflects the effect of temperature on ion

pairing and the dimermonomer equilibrium. A sigmoidal time A ' AQO'Z : ooOIOO '
course for formation of most J-aggregates is a feature for the Lo s " os 0°° ]
cyanines under study and can be treated within the framework ’ 65 \ o0
of autocatalysis. Monomer and dimer ion pairs between dyes 04 o
and metal ions are considered to serve as reactants for

J-aggregation.

o
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Experimental Section 100s

The thiacarbocyanined {3) were the same as those used
previously?-?22and the oxacarbocyanine and imidacarbocyanine
dyes @ and5) were a gift from Prof. Boris I. Shapiro of the
Photographic Chemistry Institute in Moscow. Methanol and 0

. . 450 0 0 0
ethanol were spectroscopic grade, and water was obtained from > %0 330 600 A (nm) 6

a Mili Q system (Millipore). The solutions were freshly  gigyre 2. Absorption spectra o8 (10 uM) in water at 24°C in the
prepared by diluting from neat aqueous stock To8, and4 presence of KCI (80 mM), as a function of time. Inset shows the kinetics
(5—20uM, pH 7), from methanol stock fds, and from ethanol at 630 nm.

stock for2 (5—45 uM, pH 7, containing 1 vol % EtOH). Dye

5is unstable in water; however, its stability was highly increased mum at 534 nm, which is assigned to the dimer (D-band), and
in a mixture of methanol and NaOH, as has been shown by a long-wavelength shoulder from the monomer (M-band)at
Herz? Thus, aqueous solutions &f(5—20 uM, pH 11) con- =580 nm. In the presence of Mn(NJ2 (0.2 mM), a new band
tained 1 mM NaOH ath 7 M methanol. Trivalent ions fob (J-band) with a maximum at; = 650 nm appears, which is
were not used, because of possible interaction with"OH assigned to a J-aggregate. The formation of J-aggregates is
yielding hydroxide complexes. Either chlorides of Nand K" accompanied by a decrease of the D-band and an isosbestic point
ions or nitrates of Mfi", Ni2*, EU3*, and TI" ions were useé? at 562 nm (Figure 1). The time dependence of the absorbancies
A diode array spectrophotometer (HewteRackard model HP  (kinetic curves) at 650 and 534 nm is characterized by the
8453) was used to measure absorption spectra at discrete timg@resence of both an induction period and an inflection point
intervals (e.g 4 s). A few microliters of solution of the (see inset in Figure 1); the time (half-life of reactiay;) for
appropriate salt concentration were injected into a 1-cm cell the 50% value of the absorbance of the J-bamﬁi"l is 14 s.

with the dye solution, followed by intense stirring for-2 s Formation of J-aggregates f@ralso occurs for KCI (4 mM)
before starting the measurement. Further stirring was per- and Ni(NQ), at 0.2 mM, witht;, = 10 and 8 s, respectively.
formed between each two consecutive runs. The rate of For all metal ions used as promoters of J-aggregatio2,fan
J-aggregation was evaluated from spectral data. Solving of theinduction period is observed only at low dye and salt concentra-
rate equations, the fitting procedure, and computer simulation tions.

were performed with Mathcad 2001. The derivative of the  1¢ produce J-aggregates efficiently, a salt must be added.
experimental curves was computed with Origin 5. The maximum j_agqregation o8 in the presence of KCI (80 mM) is char-
J-aggregate concentration in the computer simulation was fitted gcterized by absorption at three wavelengtiis:= 518 nm,
using the maximum value of the absorbance of the J-band; i.e.,; = 555 nm, andi; = 630 nm. An example of the absorption
we did not intend to estimate the absorption coefficient. The gpectra o8 and KCI (80 mM), together with the corresponding
measurements refer to steady-state conditions in a (buffer-free}jme course, is presented in Figure 2. The kinetic curves, of
aqueous solution at 24C, unless otherwise indicated. Mea- i contrast tal and2, exhibit neither an inflection point nor an
surements at different temperatures were performed using &jnduction period for monovalent, divalent, and trivalent metal

thermostat. ions. Moreover, the formation of J-aggregates is accompanied
by a decrease of both D- and M-bands. The half-&& is for
Results Mn(NOs), and Ni(NG), at 3 mM and 3 s for Th(Ng)s; at
J-aggregation Properties of Thiacarbocyanines and Oxa- 0.2 mM.
carbocyanine.The absorption spectrum of thiacarbocyanne The ability to J-aggregate was also observed for oxacar-

(10 uM) in aqueous solution shows a short-wavelength maxi- bocyanine4. The spectrum of freshly prepardd10—15 uM)
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Figure 3. Absorption spectra of (10 uM) in water at 24°C in the
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Figure 5. Kinetic curves of the decay of dimers (open symbols) and
the formation of J-aggregates (closed symbols)if¢tl M) in water

presence of KCI (60 mM), as a function of time. Inset shows the kinetics i the presence of 50 mM KCI (circles) and 80 mM (triangles) KCI.

at (a) 475 nm and ©) 542 nm.
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Figure 4. Absorption spectra 05 (5 uM) in water at 24°C in the
presence of MeOH (7 M), NaOH (1 mM), and KCI (20 mM), as a
function of time. Inset shows kinetic curves &)(595 nm and 4)
516 nm; curves have been fitted fef = 5 x 103s k., = 7 x
102s L ke =26x 100 M1ts% K; =50 M1, andn = 4.

in water shows M-, D-, and J-bands A = 472 nm,Ap =
502 nm, andl; = 542 nm, respectively. However, the absor-
banceA; disappears within 60 s, along with a simultaneous

increase of the D-band. The subsequent addition of KCI (60

0.06 g

(da/dy,, s

0.02 J

0 - L
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Figure 6. Dependence of @ydt)max 0N the concentration of KCI for

2 (8 uM) in water at 24°C. Dotted line represents the extrapolation
for (dAydt)max = O, andcw, denotes the threshold salt concentration.

6

and5, respectively, and the increase of the J-band occurs only
during a specific time. The absorbances of the D- and M-bands
remain constant and are larger than zero (denoted as the
remaining absorbance). Examples for the decrease of the M-band
(Figure 4) and the D-band (Figure 5) are presented. The values
of the remaining absorbance of the D- and M-bands, as well as
theA;value, are dependent on the salt concentration, decreasing
with increasing salt concentration for both D- and M-bands and
increasing for the J-band.
Effects of Salt and Dye ConcentrationsFor a quantative

mM) results in fast formation of J-aggregates at the expense ofdescription of the effect of J-aggregation, the maximum rate,

the M- and D-bands, and an additional increasé\jrat the

(dAydt)max, Was used? For systems where the kinetic curves

expense of the dimer band (Figure 3). The kinetic curves for of J-aggregation are sigmoidal Agdt)max corresponds to the

J-aggregation are sigmoidah/f = 250 s) with an induction
period after the fast increase Ajf (see inset in Figure 3). At a
higher concentration of KCIX80 mM), as well as when Mt

(2 mM) or TB*" (20 uM) are added, the J-band is formed

inflection point. For those systems, which exhibit a nonsigmoidal
behavior, the (Aj/dt)max value corresponds to the initial step
of J-aggregation. Plots of Ad/dt)max versus the salt concentra-
tion are shown for2 with KCI (see Figure 6) and fot with

instaneously and then decreases, whereas the D-band increas@dgCl,.22 For 2 (40 uM) without salt, (dAy/dt)max = 0.004 st

at the expense of the M- and J-bands.
J-aggregation Properties of ImidacarbocyanineFor 5 at

5 uM in aqueous solution mixed with methanol (7 M) and
NaOH (1 mM), the absorption spectrum exhibits a short-
wavelength maximum aln = 515 nm but no dimer peak
(Figure 4). The J-band with; = 595 nm appears in the presence
of KCI, Ni(NO3),, or Mn(NQs),. Formation of the J-band
with ty, = 27, 47, and 30 s in the presence of KCI (20 mM),
Ni(NO3),, and Mn(NQ), at 0.2 mM, respectively, is ac-

and ranges between 0.005 and 0.06is the presence of-26
mM KCI.

The J-aggregation starts to develop at a threshold salt
concentrationcy,; at concentrations higher tham,, the rate
(dAY/dt)max Shows a linear dependence (Figure 6). Eds, and
1, each in the presence of KCI, tbg, values are 1.5, 8, and 15
mM, respectively. We used the “normalized” rate of J-aggre-
gation, denoted as AJdt)mad[MZT], where [MFT] is the
concentration of metal ion. The values are compiled in Table

companied by a decrease of the M-band and is manifested with1; for divalent ions, the values are in the range 630 M™!
the isosbestic point at 535 nm. The kinetic curves are sigmoidal, s™1. The effects are strikingly greater when a monovalent or

with a faintly discernible induction period.

divalent ion is replaced by a trivalent ion, where the values are

The formation of J-aggregates is accompanied by a decreaseébetween 2x 1® M~tstand 10 M~1s71L,

of the M-band for5 and a decrease of the D-band for4. It
is noteworthy that a decrease of the D- and M-bandslfo4

The time dependences of the absorbaAgeat different
concentrations 05, in the presence of 10 mM KCI, are shown
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TABLE 1. Normalized Rate of J-aggregation, (dA;/dt)max/
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TABLE 2. Values Obtained from Variation of the

[MZ], for Various Cases Temperature?
(dAYdt)ma/[MZT] (M1 s7Y) cation temperatureC) (dAYdt)max(s™)
cation dyelb dye2 dye3 dye4 dye5 Dyel
+
K+ 03 15 04 001 8 e A oo
Mn2+ 12 340 12 120 : :
Ni2+ 13 530 8 65 Mn?z*+ 25.4 0.005
Th3* 10 000 >10 000 210 [« Mn2* 10.1 0.02
aAt 24 °C, using a dye concentration of M. ° Taken from ref Tbi 25 0.006
22.¢Not possible with TB". To 9.6 0.02
Dye 5P
' ' ' K+ 27.4 0.007
A d1£3:tuM . K+ 21.5 0.05
I T / K+ 10.1 0.1
—.’;O‘Z' . / ) aUsing dye concentrations ofi] = 10 uM and [B] = 5.2 uM.
T eo Leettt 75uM / b Using 7 M methanol and 1 mM NaOH.
L aoat” m m
= §0800000000000000000 / . .
201 ) N /_/ | Discussion
= /./ Sigmoidal time dependences with an inflection point have
o been reported for the self-association of porphyfifsand
./// bacteriochlorophylf? the formation of transition-metal nano-
0 ) . . . clusters?¢ and the polymerization of proteiri6.The kinetics
8 14 were characterized by an induction period and treated within

10 12
[C], (uM)

Figure 7. Dependence of @l/dt)max0n the total concentration &fin

the presence of KCI (10 mM) in a mixture of water, methanol (7 M),
and NaOH (1 mM) at 24°C. Inset shows the kinetic curves of
J-aggregation at 595 nm at different dye concentrations.
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Figure 8. Kinetic curves of J-aggregation fér(6 xM) in the presence
of KCI (16 mM) in a mixture of water, MeOH (7 M), and NaOH (1
mM) at different temperatures.

in Figure 7 (inset). The shape of the kinetic curves is strongly
dependent on the total dye concentration g and the

dependence of the rate of J-aggregation is curved upward (se

Figure 7) The increase off], in the order of 7.5, 11.0, and
14.6 uM, results in a transformation of the sigmoidal-type

curve into a nonsigmoidal curve and an enhancement of the

(dAydt)max value: 0.02, 0.08, and 0.24% respectively.
Effect of Temperature. So far, the results have referred

to room temperature. When the temperature is decreased,

(dAy/dt)max is increased. This is shown in Figure 8 forand
similar kinetic curves were observed far The change in
temperature, from 8C to 27°C, results in variation of the rate
by a factor of 3-5 (Table 2). The type of metal ion does not

noticeably influence the temperature coefficient of J-aggregation,

A(dAYdt)ma/ AT. For 1, the value is in the range 6f0.001 to
—0.002 (s°C)7! for K*, Mn2", and TB" and the value is
twofold more negative fob with KCI.

the framework of autocatalystd:#*>*6However, the sigmoidal
build-up curves of a product P are also compatible with a
consecutive reaction R X — P. In this case, however, reactant

R decays exponentially and no induction period is involved in
the step R— X. Thus, an interpretation of the reaction
mechanism should be based on the analysis of the kinetics of
both the formation of P and the decay of R. BHan water, the
kinetics of formation of J-aggregates as the product and the
decay of the dimer as the reactant, in the presence of metal
ions, were described by sigmoidal time dependences and
considered as autocatalytic irreversible react3riEhe auto-
catalytic mechanism is illustrated in Scheme 1, whgr@ndk;

are the rate constants for noncatalytic and catalytic production
of product P, respectiveRz:*8

SCHEME 1

k,+k_[P]
R———m p

Scheme 1 is adopted as a whole in the present study for all
dyes. As follows from the results, the J-aggregation of the five
dyes at concentrations ef10 uM occurs only in the presence
of metal ions. It is reasonable to assume that metal ions produce
ion pairs with the dye, where the inherent counterion is replaced
by the metal ion at an appropriate salt concentration. In

articular, the replacement of triethylammonium as the coun-
erion for 1 by Na" has been reported previougfy.

Reaction Scheme without DimersDye 5 is monomeric in
the applied mixture with methanol and NaOH, and the ion pair
is supposed to be formed between the monomer and the metal
ion, whereK; = [C”MZ"])/[CT][M#].

C +M* T =C M* 1)

We suggest that the ion pair®?t is the reactant and the
product is obviously the J-aggregate. Forward reaction 1 is
probably fast, as it has been reported for spiropyran-derived
merocyanine4? As has been mentioned previously, dyés
not fully converted to J-aggregates. This follows from the
M-band absorbance that remains after J-aggregation (see Figure
4). This observation implies that J-aggregation is a reversible
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process, and, thus, Scheme 1 should be rearranged to Schemi@rmation, whereak. characterizes the growth of J-aggregates

2, which includes the reverse step with the rate condtant

SCHEME 2

K,

K+ k[T
C+M#* ==

CM* —— —— ]

k

-n

We believe that a rapidly established equilibrium occurs
during the formation of the J-aggregates; consequently, the
concentrations of Cand CM?" are kept equilibrated. Also,
the positions of the maxima of monomers and ion pairs in the
absorption spectra coincide; so far, the absorbance of the M-ban
consists of that for monomers and ion pairs. Considering the

formation of J-aggregates as a reversible reaction and using

Scheme 2, the rate of J-aggregation is given as

d[J] _
5t = K KIIDICTMH] = k([J] @
The relationship between the rate for decay of the ion pairs
C~M?" and monomers and that for the formation of J-aggregates

is given by egs 3 and 4 for [M] >[C"].

_die™MF]_ [ nKM*T | d[J] )
dt 1+ K, [M?] dt
_dic] _ n d[J]
dt (1 + Kl[MZ+]) dt “)

Here,n is the number of monomers included in the J-aggregate.
Solving egs 2-4 yields the time dependences of the concentra-

tions of J-aggregates, monomers, and ion pairs (see Appendix

). The plots of [J] versus time, as well as {C+ [C~MZ]

as a result of the interaction of nuclei with ion pairs.

Taking into account that; is invariant in the course of
J-aggregation, the presence of isosbestic points in absorption
spectra for the dyes under study would suggest that the number
of monomers included in J-aggregates and responsible for
J-aggregate absorbance remains constant. This was also con-
firmed by the spectroscopic observation of the constancy of the
aggregation number fd5® and relative dye®5! at different
concentrations. It implies that the changes in absorbance used
for description of the kinetics in time-resolved spectroscopic

dﬂeasurements is proportional to the changes in the concentration

of J-aggregates. It is noteworthy that both the nuclei and
J-aggregates are characterized by similar absorption and cannot
be distinguished. The applicability of the model used to describe
the kinetics of both the formation of J-aggregates and decay of
monomers/monomeric ion pairs follows from the agreement
between the experimental data and results from the fitting
procedure. Figure 4 (inset) shows the results of the curve-fitting
for 5in the presence of 20 mM KCI, which implies, in particular,
thatk, is smaller thark_.

Reaction Scheme with Dimersln contrast to dyes, dyes
1—4 are present in water as an equilibrated mixture of monomers
and dimers (g"), whereK, = [C2J/[C]%

2C =C (5)

The dimers can also form ion pairs®M?" which might be
even more favorable due to the higher negative charge on the
dimer with respect to the monomer, whefe = [C,2-M="]/
(C2TM=).

C +M*=Ccrm* (6)

versus time, are sigmoidal-type curves, which are characterizedor dyesl—4, we propose Scheme 3, where the ion paire”

by the presence of both induction period and inflection point
(see Figure 9, curves 1 and 2). Shortening of the induction period
due to increasing, or decreasindi, results in the transforma-
tion of the sigmoidal curve to a nonsigmoidal-type curve. The
results of computer simulations for tvig values are presented

in Figure 9, where the decay curves refer to the total concentra-
tion of monomers and ion pairs. Increasing either][@r [M?*]

does not lead to a transformation of the sigmoidal curve to the
nonsigmoidal curve.

The existence of the induction period is also characteristic
for crystallization®® which requires the spontaneous formation
of a “critical” aggregation nucleus. Accordingly, the rate
constantsk, and k_, describe the reversible process of nuclei

10

Concentration (M)

50 150 200
Time (s)
Figure 9. Computer simulations for the formation of J-aggregates (solid
lines) and the decay of monomers and ion pairs[[€& [C MZ'])
(dashed lines) for [Co = 10 uM, K; = 1 x 10* M1, [M#T] = 10
mM, ke =1 x 10* M7t s7%, k, = 0.001 s? (for 1, 2) andk, = 0.02 s*

(for 3, 4); kn =0.01 s, n= 4.

and G2"M#" are the reactants ankl, and kqc are the rate
constants for noncatalytic and catalytic J-aggregate production
from dimer ion pairs, respectively, amdgn refers to the back
step. Considering the possible equilibrium between the two ion
pairs in Scheme 3, we have omitted it, for the sake of simplicity.

SCHEME 3

C- Kl ’ M C-M#+ kn+ kc [J]
K, k‘“\ J
12C> 12CM7 “h 4k 0]

Generally, the formation of J-aggregates proceeds via reaction
pathways A and B in Scheme 3. For some specific conditions,
either pathway A or B can dominate. It is difficult to distinguish
between both pathways, because of the lack of the data on the
rate and equilibrium constants. We used a computer simulation
that took the mass balance law (eq 7) into consideration to
predict the most favorable pathway of J-aggregation:

[CT]+ [C"M*] + 2[C,” ] + 2[C,, " M* ] + n[3] = [C],
(7)

The rate equations described by egsl®, which describe the
kinetics of J-aggregation and the decay of ion pairsvich,
C,2"MZ=", monomers C, and dimers ¢ are given in Appendix
II. Analytical solution of the rate equations to determinet)J](
[C™MZT](1), [CT1(1), [C2T](Y), and [G2~MZF](t) could not be
achieved; however, eqs—82 were solved numerically, and
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........ Thus, the formation of the nucleus can be considered to be the

6l | sequence of the reversible stacking steps, which is finished
by the production of a “critical” aggregation nucleus (small

| J-aggregates). The sigmoigalonsigmoidal transformation also

R occurs when the dye concentration is increased. This is shown

in Figure 7 (inset) for5 and has been observed for bacterio-

chlorophyll#®

. . . ] In contrast tol and 2, nonsigmoidal curves were observed

0 200 400 600 800 for 3 (see Figure 2) and were considered to be a result of
Time (5) transformation of the sigmoidal curve. The lack of an induction

Figure 10. Computer simulations for the formation of J-aggregates period and the nonsigmoidal kinetics have been reported for

(solid line) and the decay of monomers and ion pairs[€ [C~MZ"]) ; 1 ; ;
(dashed line) and dimers and fon pairs &G + [C2 M*] (dotted PIC in watef! and in the presence of polyvinylsulfonate as a

3
line) for [CJo = 10 uM, [M#] = 10 mM, k = ke = 1 x 10t M1 template!

Concentration (uM)
&~

s, ki =ksn=0.001sL k n=kgo=001sLKi=1x1®M, From a comparison of Figures 10 and 11, it follows that
K2 =2 x 10° M1, andKz = 1.5 x 10® M~ for pathway A in Scheme pathway B is more favorable and can be switched to pathway
3. A, provided thatk: > kqc. Generally, the rate constarkg K—p,

andk;, which influence pathway A, can be different from the
respective rate constants that govern pathway B. Therefore, the
branching ratio between routes A and B is dependent mostly
on the dye structure. Thus, we conclude that dyes with relatively
fast kinetics of J-aggregation follow pathway B, whereas dyes
with comparatively slow kinetics follow pathway A. Adopting
this argument as the main reason for the difference between
the two pathways, and taking into account that the half-lives in

: : : v the presence KCl arg, = 28, 4, 8, and 250 s fat, 2, 3, and
0 50 100 150 200 . . .

Time (s) 4, respectively, one can suggest that3 are involved in

Figure 11. Computer simulations for the formation of J-aggregates J-aggregation with dimeric ion pairs as the reactant, in contrast
(solid line) and the decay of monomers and ion pairs[€ [C-MZt]) to 4, which aggregates with monomeric ion pairs. This is
(dashed line) and dimers and ion pairs G + [C,2~M?"] (dotted supported by the data on the normalized rate of J-aggregation
line) for [Clo = 10 uM, [M*] = 10 mM, ke = ke = 1 x 10 with KCI (see Table 1).

“1g1 k = Kky = 1 = = 1K, =
mfl SKZ’ i” 2 f’"loﬁo,\',?ﬂl aSn’der; - Ii“’): lo?'f\’,llff;)f |13ath1v-\/5a)>/< é(fn The absorbance of the D- and M-bands should be decreased
Schéme 3. ' in the course of J-aggregation, in accordance with Scheme 3.

In fact, this is the case f@ (see Figure 2). Moreover, the results

Figures 10 and 11 show the results for separated pathways AT computer simulations predict only slight changes of the
and B, respectively. To choose the appropriate parameters, weVl-band absorbance in the course of J-aggregation via pathway
explored a qualitative agreement between calculated and” (See Figure 10).
experimental kinetic curves. For simplicity, we assumed that ~ From the data previously considered, one can see that there
kn = kgn andk_, = k_qn, Wherek, andkq, are responsible for  is an effect of dye structure on the kinetics and the J-aggregation
the induction period, whereds,, andk_4, are responsible for ~ pathway. A dye with highly hydrophobic properties (e.g., dye
the remaining absorbance. The valde = 2 x 10°P M1 2 at 40uM) is able to aggregate to a certain extent, even without
characterizes the dimerization of thiacarbocyanine Blydsreas ~ metal ions. Metal ions in aqueous solution strongly promote
the relationks > K is a consequence of the experimental result J-aggregation (not shown). Thiacarbocyanideand 3 with
that the D-band is 23 times higher than the M-band. The moderate hydrophobic properties have the ability to J-aggregate
absorption spectra of free monomers and their ion pairs wereonly in the presence of metal ions. It is reasonable to suggest
assumed to be similar, and the same was adopted for free dimerghat dimeric ion pairs are the reactants in J-aggregation. In
and their ion pairs, respectively. The assumption is based oncontrast to thiacarbocyaninés-3, J-aggregates of oxacarbocya-
the constancy of the shape of the absorption spectra immediatelynine 4 deaggregate in the presence of KEIB0 mM), as well
after the addition of salts th—3. as Mn(NQ). (2 mM) and Th(NQ)s (20 uM), because of the
From the kinetic curves computed for both pathways and competing formation of dimers and dimeric ion pairs. This
presented in Figures 10 and 11, it follows that the curves for confirms our suggestion that J-aggregation of imidacarbocyanine
the formation of J-aggregates and decay of dimers and ion pairs® Proceeds via pathway A.
are sigmoidal and characterized by an induction period and an Effects of Salt Concentration on the Aggregation Proper-
inflection point. On the basis of computer simulations, we found ties. The normalized rate of J-aggregation bfvith Mg?* is
that the sigmoidal curve is transformed to a nonsigmoidal curve 23 M~ s71, and this parameter was determined to be indepen-
when the rate constants, and ky,, Which govern nucleus  dent of the type of anion (CIQ, CI-, or NO;™).22 Inorganic
formation, increase (not shown). and 2 exhibit sigmoidal salts, containing monovalent, divalent, and trivalent metal ions,
curves for monovalent, divalent, and trivalent metal ions at are additives to promote J-aggregation. Ban the presence
appropriate dye and salt concentrations, which are transformedof 2 mM KCI, the (dAydt)max value is enhanced 10-fold. The
to a nonsigmoidal curve, e.g., at higher salt concentration (Fig- specificity of metal ions to influence the rate was taken into
ure 5). Thus, a noncatalytic process actually follows pseudo- account by the normalized rate, Afdt)ma/[MZT]. This is
first-order kinetics and the rate constant is a product of the justified by the linear portion of the plot of AJ/dt)max versus
rate constant of ion-pair stacking and the ion-pair concentration. salt concentration. The value of Agldt)ma/[M?t] was deter-
This is confirmed by the observation of a threshold salt mined to be 0.01 M! s1 for 4 and 15 M! s71 for 2 in the
concentration in the kinetics of J-aggregation (see Figure 6). case of KCl and between these two values for the other dyes

Concentration (uM)
~ o

[ 8]
T
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(see Table 1). Increasing of the rate of J-aggregation, when
passing from monovalent to divalent and trivalent metal ions,

can probably be explained by the ability of divalent and trivalent equilibrium reaction 1, and eq 2, it follows that

metal ions to coordinate more than one dye molecule, thus
facilitating nucleus formation.

For 5, the rate is also much faster with divalent ions than
monovalent ions (see Table 1). We should emphasize that
(dAy/dt)max Was generally determined to be independent of the
type of anion constituting the saf%,and, thus, only metal
cations have a crucial role in J-aggregation. The specificity of
metal ions used is not only to affect the rate but also to increase
the equilibrated concentration of J-aggregates at the time when
the equilibrium is reached (see Figure 5). The reversibility of
the J-aggregation process is confirmed by the observation of
the remaining absorbance of the M- or D-bands (see Figures 4
and 5).

Effects of Temperature on the Aggregation Properties.

For 1 and 5, the temperature coefficient of J-aggregation,
A(dAYdt)ma{ AT, is negative (see results). A decrease of the rate
with increasing temperature is unusual at first glance but has
been reported for PKE and bacteriochlorophyff The effect

was interpreted by a decay of the nucleus at higher tempera-
tures?® Considering nucleation as a reversible and spontaneous
process (see Schemes 2 and 3), it is reasonable to expect the
rate of J-aggregation to decrease with increasing temperature.
Another possible explanation is a decrease of the concentration
of the ion pairs, because of their dissociation into free
monomers, when the temperature is increased. The effect is quite
reasonable not only for the monomers5fbut also for other
dyes, which are present as a mixture of monomers and dimers,
where the latter form ion pairs as a reactant for J-aggregation.
At higher temperatures, the competing equilibria (reactions 1,
5, and 6) are shifted toward the monomer, resulting in a negative
temperature coefficient.

Here,

Conclusion

The salt-induced J-aggregation of three etmgsethiacar-
bocyanine dyes, an ethyheseoxacarbocyanine, and an imi-
dacarbocyanine is a reversible autocatalytic reaction. lon pairs
between monomeric or/and dimeric dyes and metal ions in
aqueous solution serve as reactants. The rate of J-aggregatiohlere,
is dependent nonlinearly on the dye concentration, is strongly
influenced by the charge of the metal ions, and is independent
of the type of anion constituting the salt. The kinetics are
sigmoidal for most systems, whereas a nonsigmoidal curve is
the result of a fast nucleation step, as a prerequisite of
J-aggregation. The rate of aggregation is governed by the ion-
pair concentration, which is influenced by the type of metal
ions and temperature. At elevated temperatures, the rate is
decreased, as a result of decreasing the ion-pair concentration
and decay of the nuclei.
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Appendix |

From mass balance, eq Al,

where

expt—B) —v

LI = expt—B) +1

(A4)

Integrating eqs A2 and A3 affords [{{t) and [C" M#*](1):
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d _ " —n 2t
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