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The absorption and fluorescence spectra dtdidthyl-2,2-cyanine (pseudoisocyanine, PIC) aggregates have
been studied between 8 and 293 K in water/glycerol glass containidg\2 of alkali halogenides. In this

system the J-aggregates have a single sharp band and there is practically no contamination with the monomeric
dye, dimers, or H-aggregates. This allowed us to better resolve the high-energy portion of the spectrum and
to assign the middle 535 nm band to the upper exciton transition. The excitonic splitBng s thesame

for both the blue and the red forms of aggregates (1270 cn1?). The average energy of exciton components
(181954 15 cnt! for the blue form) was found to be very close to the@energy of the first strong site

of PIC monomer (18223 cm) embedded in a 9-aza-PIC iodide matrix, which is transparent above 500 nm
[Marchetti, A. P.; Scozzafava, MChem Phys Lett 1976 41, 87]. The G-0 frequency of the nonsolvated

PIC monomer cationf® = 19716+ 40 cn! or 507.2+ 1 nm) was obtained from the solvent shift
measurements at room temperature. The absorption bandwidths and shifts of both the PIC cation in poly-
(methyl methacrylate) matrix and the aggregates were recorded in the temperature range between 8 and 300
K. The thermal shift of band maxima was analysed in terms of the change in dispersive shift and excitonic
splitting as a result of the expansion of the matrix and a pure thermal or phonon-induced contribution. The
thermal shift and broadening behavior of molecular and excitonic transitions reveals large differences in the
mechanism and strength of the coupling to low-frequency vibrations.

Introduction hole-burning measurements have confirmed that the J-bands
consist largely of purely electronic zero-phonon transitions with
inhomogeneously distributed frequencl&st24

Most of the advanced spectroscopic investigations at low
temperaturé$-24 have been performed in the vitreous water/
£thylene glycol mixture proposed by Cooper in 1870n this
matrix the study of higher exciton components is difficult,
because of the overlap with the absorption of monomers, dimers,
and H-aggregates. The analysis of absorption spectra is further
complicated by the fact that two narrow features appear upon
cooling. This doublet structure has been ascribed to dif-

The optical spectra of 1'Aiethyl-2,2-cyanine (pseudoiso-
cyanine, PIC) in red-shifted aggregated forms are remarkably
intense and narrow for an organic system at ambient temper-
ature. After the discovery of this phenomenon in 1931he
spectroscopic properties of PIC aggregates (also referred to a
J-aggregates) were exhaustively studied by Scheibe and co
workers3710 Interestingly, Jelly made his observations in
organic media,whereas Scheibe used mostly agueous solutions
of PIC. It was noticed in the very first papers that the sharp
transitions are atomic-like with their absorption and fluorescence . 3 : X
nearly in resonanck? and therefore, very weakly coupled to ferent sgacklng configurations of PIC molecules in the ag-
molecular vibration$. It was emphasized that the electronic gregat_e’-. ] ] )
excitation should be delocalized over many molecules, since It will be shown in this paper that essentially complete
mixed aggregates of two different dyes give a single BaFige aggregation of F_’IC at temperatures below SQO K can be ach_|eved
energy splitting effect in a system of coupled oscillators and N & glass-forming mixture of 50% (by weight) glycerol with
the selection rules for optical transitions as a function of the Water in the presence of high concentrations41M) of alkali
mutual orientation of the oscillators were proposed already in halide salts. A singlel-peak emerges accompanied by two
1948 (before the works of Davydov and Kasha, see refs 11 andProad satellite bands at535 and~495 nm. We present much
12 and references therein), and the blue or red shifts of evidence that the second, 535 nm band can belong to the upper
absorption bands in dimers and higher aggregates were ex-XCiton transition.
plained® Many cyanine dyes similar to PIC were synthesized  In the first subsection of Results and Discussion section, the
and the influence of structure on the capability to “polymerize” absorption spectra of PIC monomers in a number of liquids and
was investigated? Later, in several theoretical papers the polymers at 293 K will be discussed. The solvent shift
spectral shift, narrowing, and the vibronic structure of the mechanism, the transition energy of the free PIC cation and
aggregates were treated quantitativty.6 the polarizability change at S— S, excitation will be established

The shift and narrowing of J-bands upon cooling with liquid according to refs 27 and 28. In the next section the assignment
air was reported as early as in 1944However, most of the of upper exciton band is done. The magnitude of excitonic
low-temperature and laser spectroscopy has been carried ousplitting and the vacuum-to-aggregate frequency shift in the low-
within the last 10 years. Optical dephasing in J-transitions was temperature limit are estimated. Furthermore, the vibronic
characterized by means of photon echo meti&d8. Spectral structure of both exciton bands is analyzed in terms of current
theoretical model$>16 The lower exciton transition is char-
€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  acterized not only by a dramatic band narrowing but also by a
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considerable reduction of vibronic activity (subsection 3). The
inhomogeneous bandwidths of the PIC monomer and the 1.0
aggregates are discussed in subsection 4. The difficulties in
separating the influence of motional narrowing and the structural
order will be pointed out. In the following, the manifestations
of quadratic vibronic interactions, the thermal band broadening
(subsection 5), and shift are dealt with in terms of electron
phonon coupling (EPC). The PIC molecular band shift in a
polymer host is separated into the solvent shift and pure thermal

L PIC iodide Voo .. POly(vinyl carbazole)]
T=203 K ;Y
L H,0

% (CF),CHOH
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o =)
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shift components by using the thermal expansion coefficient of g
the matrix (subsection Y. Furthermore, the observed tem- _/
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perature-induced shift of both exciton components is split into 0 00 w50 00 50 500 550

dispersive, phonon-induced and resonant parts by making use Wavelength (nm)

the X-ray data on thermal expansion of a crystalline polymethine _. . . . .
d b . Finallv. th 0 of th | shift h Figure 1. Absorption spectra of monomeric 1;diethyl-2,2-cyanine
ye (subsection 7 Finally, the ratio of thermal shift to the iodide at room temperature. The vertical bar shows the position of the

broadening of spectral bands for PIC cation and aggregate iSelectronic origin for nonsolvated dye cation in vacuum obtained by
compared to that for the otharelectronic transitions in doped  extrapolation of eq 1.

polymers and are found to be very sensitive with respect to the
strength of electron-phonon coupling. The general interdepend-Results and Discussion
ence of solvent shift phenomena, vibronic coupling and excitonic
interaction will be explored. A preliminary account of this work
has been published in the proceedings of the 2nd Exciton
Conferencé?

1. Matrix Dependence of Absorption Band Maxima of
Monomeric PIC at 293 K. The visible absorption of the PIC
cation shows a strong-0 band accompanied by two resolved
vibronic satellite bands (Figure 1). The-0 band maximan(y)

) ] and half-widths at half-maxima (hwhm) for the red side of the
Experimental Section band were determined in liquid solvents and polymers of various
polarities and polarizabilities (Table 1). A linear relationship
holds between, and the matrix polarizability functiog(n?)

= (n’— 1)/(n? + 2), nis the refractive index for the Na D line
(Figure 2):

Polymers (except for poly(methyl methacrylate), PMMA) and
1,1-diethyl-2,2-cyanine iodide were purchased from Aldrich.
PMMA was a commercial Plexiglass. To prepare a doped film,
the polymer and PIC were dissolved in g, and the solution
was cast in a Petri dish and let to dry. Solvent was removed ’
by heating at 60C under vacuum for 20 h. Aggregates were Vm = (19716+ 40) — (2964=+ 147)(n"), N= 31,

prepared by mixing an aliquot of thex2 10-3 M stock solution r=0.966 (1)
of PIC iodide in 86-88% glycerol (Fluka, puriss) with an equal
volume of highly concentrated aqueous solutior-§4M) of whereN is the number of data points amds the correlation

salts (KF, KCI, KBr, and NaCl). Concentrations indicated in coefficient. Hexafluoro-2-propanol, trifluoroethanol, dioxane,
the text refer to the samples at room temperature. The solutionsand iodomethane were excluded from the regression.

were placed between two quartz plates3(um layer) for Good overall linearity of eq 1 means that the largely
fluorescence measurements or in 10 or 100 Hellma cells predominating mechanism of the solvent shift is the dispersive
for absorption scans, and the solutions were frozen rapidly in stabilization of the excited state relative to the ground state in
liguid N». At room temperature the gelation takes place during both liquid and solid environmegt. In fluorinated alcohols
several minutes, but it can be reverted by warming up the the solvent shift is less than expected on the basis. oThe
solution. In thin layers the solution remains transparent during polarizability density of fluorine atoms is less than that of
tens of minutes or longer. The quickly frozen samples were hydrogen and carbon. Thus the impurity molecule appears to
transferred to Oxford CF204 or CF1204 continous flow cryo- be screened from the more polarizable carbon backbone by
stats. Absorption spectra were recorded on Perkin-Elmer relatively large F atoms and the effective interaction radius
Lambda 9 spectrophotometer. Calibration was made with the (Onsager cavity radius) increases as a result of such an
aid of 0.25 M solution of HoGlin 0.1 M HCI having sharp anisotropy?’ On the average, the solvent shift in polymers is
bands at 416.1, 536.5, and 640.5 nm. Aggregate spectra werealso less by~30 cnt!. Perhaps the space filling around the
measured with different slit widths between 0.1 and 2 nm, and dye molecule is less tight in a macromolecular host and, as a
the corrected bandwidth was obtained by extrapolation to zeroresult, the solvent shift slightly decreases. A bathochromic
slit width. Fluorescence spectra were measured on a computerdeviation from eq 1 in dioxane and iodomethane may be due
controlled total luminescence spectrometer, assembled on theto ion association effects, since these media have low dielectric
basis of two Spex1402 double-grating monochromators (disper-constants ) (Table 1). The influence of hydrogen bonding
sion 0.5 nm/1 mm slit width), an Osram XBO 2.5 kW high- properties and polarity, as well as that of quadrupolar moments
pressure Xe lamp, a Peltier-cooled Hamamatsu R2949 photo-of aromatic solvent molecules (pyridine, benzonitrile, and
multiplier, and a Stanford SR400 two-channel gated photon nitrobenzene), on absorption maxima of PIC is nearly negligible.
counter. Monochromators were calibrated with Kr and Hg Pen-  Absorption band shifts of PIC and other monomethine and
Ray lamps from Oriel Spectral Calibration Set, model C-13- carbocyanine dyes in a large variety of liquids have been studied
02. Emission spectra were not corrected with respect to the and plotted vs the functioffn?) = (n? — 1)/(2n? + 1).38 It has
sensitivity of the setup. However, the response curve of the been established that both functiap(®?) and f(?) yield good
R2949 photomultiplier is rather flat with its quantum efficiency linear fits3 The slope §) value recalculated from these data
decreasing by a factor of 1.6/100 nm between 300 and 800 nm.is slightly larger p = 3420 cnt?) than that of eq 1, because
Temperature was established with Oxford ITC4 controller and of the inclusion of several less polar solvents in ref 38.
monitored close to the sample with Lake Shore Cryotronics 201  The pressure shifts amounting from35 to —125 cnt?!
silicon diode thermometer. (between 0 and 10 kbar) have been published for many
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TABLE 1: Absorption Band Maxima and Widths of Pseudoisocyanine lodide at 293 R
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no. solvent n ¢ (M) € 19 716— vy (cmh)b Av (cmb)e 2hwhm (cnr?)d
very polar € > 30) aprotic solvents
1 acetonitrile 1.3441 0.2119 37 629 -1 1198
2 nitromethane 1.3817 0.233 38 692 -1
3 propylene carbonate 1.4189 0.252 66 733 14
4 N,N-dimethylformamide 1.431 0.2588 38.7 803 —36
5 y-butyrolactone 1.4365 0.262 39 776 1
6 dimethyl sulfoxide 1.479 0.2836 47.2 873 -32
7 sulfolan 1.4840 0.286 445 822 26 1190
8 furfural 1.5262 0.307 42.1 916 —6
9 nitrobenzene 1.5562 0.322 35.7 985 -31
less polar ¢ < 30) aprotic solvents
10 acetone 1.3588 0.220 214 667 -15
11 dichloromethane 1.424 0.2552 8.9 790 —-34
12 dioxane 1.4224 0.2582 2.22 888 —123 1252
13 1-bromopropane 1.4336 0.2602 7.66 841 —70
14 cyclopentanone 1.437 0.2620 13.6 793 -16
15 epichlorhydrin 1.438 0.2625 22.6 800 —-22
16 1,2-dichloroethane 1.445 0.2662 105 821 -32
17 chloroform 1.446 0.2667 4.81 805 —15
18 pyridine 1.510 0.2991 13.55 907 -20
19 benzonitrile 1.528 0.3079 25.6 932 -19
20 iodomethane 1.531 0.3094 7.0 1035 —118 1234
hydrogen-bonding solvents
21 hexafluoro-2-propanol 1.2750 0.1726 16.7 377 135 1025
22 trifluoroethanol ~1.30 ~0.187 27.7 411 143 1060
23 methanol 1.329 0.2034 33.52 609 -6
24 water 1.3330 0.2057 81.2 596 14 1208
25 ethanol 1.360 0.2207 25.3 650 4
26 50% (w/w)glycerol/water 1.3983 0.245 688 38 1158
764
27 N-methylformamide 1.432 0.2594 189 776 -7
28 1-dodecanol 1.440 0.2636 6.8 781 0 1224
29 formamide 1.447 0.2672 111.8 759 33
30 90% glycerol 1.4583 0.271 758 51 1108
polymers
31 poly(vinyl acetate) 1.4665 0.277 746 75 1190
cellulose triacetate 1.475 0.282 841 -5
32 poly(vinyl butyral) 1.485 0.2866 812 37 1202
33 poly(methyl methacrylate) 1.490 0.289 828 29 1330
1071
34 polycarbonate 1.5850 0.335 963 30 1562
35 poly(vinyl carbazole) 1.683 0.379 1131 -8 1410

an, refractive index for Na D line at 293 K from ref 32(n?) = (n> — 1)/(n® + 2); ¢, dielectric constant at 293 K from ref 38Absolute solvent
shift: band maximum relative to the extrapolated transition frequency of a nonsolvated dyei-2rcar?. ¢ Deviation from the regression line,
eq 1.9 Double value of the half-width at half-maximum for the long-wavelength side of the band,deBronT . ¢ Reference 34\ At 10 K. 9 For
2-dodecanol" At 25 °C. ' Reference 35.Reference 36.

Figure 2. Dependence of the 1;dliethyl-2,2-cyanine iodide absorption
maximum at room temperature on the polarizability function of the
matrix, ¢(n¥) = ("* — 1)/(* + 1). The numbers of solvents and

Band maximum vy, (cm™)

O_  PICiodide ® Highly polar (¢>30)

193001 21 2'32 Te293k O Less polar (<30) ]
O Protic
24
19100}
18900}
187001
18500 + + . y
0.15 0.20 0.25 0.30 0.35

O(PR)=(rP-1)/(rP+2)

polymers correspond to those in Table 1.

0.40

symmetric and asymmetric cyanines including PHZQ cnt?)

up to very high pressures of 140 kiFr.For the sake of

#(n%) = (47N,a/3M,,)d

)

whereN, is the Avogadro constant),, is the relative molecular
weight, and a is the molecular polarizability. From the
refractive index of cellulose triacetate= 1.47 — 1.48° at
ambient conditions and the volume compression at 10 Alvér
Vo = 0.1189%0 the change o#(n?) between 0 and 10 kbar can
be obtained:

Ap(n®) = p(N*)(AVIV,)/[1 — (AVIV,)] = 0.038

3)

The pressure shift per unit Lorertzorenz function—p' = 70/
0.038= 1840 cn1! turns out to be somewhat smaller thap
= 2964 cnT?! (eq 1).
The change of static polarizability between the ground and
the excited stateAo can be estimated from the Bakhshiev
formula” or an empirical expressidif:

comparison with solvent shifts, it is useful to present the

pressure-shift data as a function ¢fn?). According to the

Lorentz-Lorenz formulag(n?) is linearly related to density:3°

Aa.=—(0.4+ 1.5)— (18.4+ 4) x 10 °pM,,

(4)

where the relative molecular weight,, is used as a cavity size
parameter. Withp = —2964 cnt! andM,, of the PIC cation
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Figure 3. Low-temperature absorption spectra of PIC iodide monomer
(2 x 104 M, 0.5 mm cell) (dotted line) and the blue form of
J-aggregates (18 M PIC in the presence of 2.5 M KBr, 1m cell)

(thin lines) in 50% glycerol/water glass. As evidenced from the larger
intensity of the 485 nm band (see Figure 1) some PIC dimer is formed
upon freezing the diluted solution. Bands belonging to upper excitonic
transition are shown also in an enlarged scalg)(5Vertical bars
indicate the positions of zero-phonon lines of PIC impurity in aza-PIC
crystal at 548.77, 552.6, and 555.75 nm from ref 41. Position of the
0—0 origin of PIC monomer in vacuum is shown with a dotted bar.

450 550 600

being 327.5, one obtainso. = 17 + 3 A3, This value is only
slightly smaller thanAoa for cyclic polymethine cations
(rhodamines and oxazines) @87 A3) or 1L, (p) transitions in
polycyclic arenes with comparable molecular size{28 A3).28
Extrapolation of solvent polarizability(n?) in eq 1 to zero
yields the frequency values/d) which are close to purely
electronic origins %% in cold molecular beanm¥. Even for
the spectra composed mainly of progressions of low-frequency

modes, such as the ones of tetraphenylporphine, tetraphenyltetra-

cene (rubrene), and coumarin 152A(481), the interceptas
found to be very close to the-® origin in these flexible
chromophored’ Therefore, the 80 transition energy of PIC
cation in a nonsolvated state is expected to lie close to 19 716
cm~1(507.2 nm). In contrast to some other d§ésp correction

for polarity is needed because the PIC spectrum is insensitive
towards the dielectric constafit. Measuring the/o? values for
bare dyes in their ionic form in supersonic molecular beams
would be associated with serious difficulties as a result of ion
pair formation in the gas phase.

PIC iodide embedded in a single crystal of 'idiethyl-9-
aza-2,2cyanine iodide (aza-PIC) shows the strongest zero-
phonon line at 18 223 cnt (548.774+ 0.05 nm) at 1.8 K!
According to eq 1 the solvent shift of this peaki4493 cn1?,
which corresponds to the Lorenttorenz function value of
0.504 and the effective refractive index= 2.012. To our
knowledge, non or ¢ values for the host crystal have been
published. Then value about 2 seems to be reasonable, as the
averagen for anthracene is 1.77 (at 546 nm Hg lirfé).The
zero-phonon frequency of PIC in aza-PIC crystal host may be
taken as a hypothetical value for monomers in J-aggregate in
the absence of excitonic interaction.

2. Band Assignment in the Spectrum of J-Aggregates.
Absorption spectra of k 1073 M PIC iodide in 50% aqueous
glycerol & 8 K are shown in Figures-35. The sharp J-bands
appear at 570.03 nm (blue form) and 576.4 nm (red form) in
the presence of 2.5 M KBrro4 M KF, respectively. Upon
addition d 2 M NaCl or KCI, the blue form of the aggregate
with the maximum at 568.9 nm appears (Table 2). Besides the
predominating blue line, the solution containing KBr displays
also a tiny peak of the red form at 576.9 nm (Figure 3).
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Figure 4. Temperature dependence of the PIC aggregate absorption
in 50% glycerol/water glass: (a) J-band of the blue form in the presence
of 2 M KCl in a 10um cell, absorption level outside the band was set
to zero; (b) J-band of the red form in the presentd M KF in a 10

um cell, (c) the same for the upper exciton bands in a 260cell.

The position of holes in the,$and relative to the J-band maximum
are shown in cm! units by arrows (part c). Temperatures of the
measurement are indicated at each curve.

J-peak takes place: 1 nm betweern @hd Br in the blue form
and 0.5 nm betweenFand Br in the red form.

The J-bands are accompanied by two broad features with
maxima approximately at 495 and 535 nm. These maxima are
close to the positions of the $and and its first vibronic satellite
of predominately monomeric PIC in the same solution without
added salt (Figure 3), but the widths and relative intensities of
these bands in the monomer and aggregate spectra are very
different. The absorption and fluorescence excitation spectra
of J-aggregates between 450 and 550 nm are very similar (Figure
5). Therefore, the 495 and 535 nm bands belong to aggregates.
In contrast to vitrified salt-free aqueous ethylene gly¢of®
the glycerol/water/halogenide system yields spectroscopically
pure single-type J-aggregates devoid of contamination with
monomeric, dimeric, or H-aggregated species. However, a
spectrum of fully aggregated PIC in 1:1 mixture of water and

Therefore, depending on the added anion, both the blue andethylene glycol develops at room temperature under the pressure

red forms of aggregates can be prepared selectively. With the
increase of polarizability of the anion a small red shift of the

of 7 kbar®® Itis of interest that a concentrated solution<{@)
x 1072 M) of PIC in water has also a spectrum of pure
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1.2 . . . cally in the theory of molecular excitod$1? The energy down
J-aggr. in 50% glycerol +2 M KCI (blue form) shift results largely from the dispersive stabilization of the S

[ T=8K state relative to the ground state owing to the higher polariz-

] ability of the former. In neat PIC the solvent shift must be

S2+Syy s, close to that in aza-PIC, since the resonance interaction leads

to a nearly symmetric level splitting by 122010 cnt? relative

to the monomer peak at 18223 chin the aza-PIC crystdt

Similarly, the A—By Davydov splitting of 1700+ 400 cnt?!

has been derived for the (201) face from the absorption contours
of PIC iodide crystal, obtained by Kramer&ronig transforma-
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abs.
0.0 - : tion of reflection spectra at 173 #. With the increase of
400 450 500 550 600 temperature up to 293 K both exciton levels are shifted-h$0
Wavelength (nm) cm to lower energies (see below).
Figure 5. Absorption and fluorescence excitation spectra of PIC{10 3. Vibronic Structure in the Spectra of PIC Monomer

M) J-aggregates in 50% glycerol in the present@ o KCI (blue - . . .
form), T = 8 K. The solution was placed in a 10n silica cell or and Aggregate. In this subsection the vibronic structure and

between silica plates (&m layer) for absorption and excitation Intensities in absorption and fluorescence spectra will be treated
measurements, respectively. The optical density at 600 nm was set toln more detail for both PIC monomers and J-aggeragates. In
0. The high-energy portion of the absorption spectrum is shown in an contrast to those of the J-aggregate, the vibronic intensities in
enlarged scalex10). Excitation spectrum was recorded close to the the fluorescence and excitation spectra of the diluted monomer
emission maximum (569.4 nm) with 0.3 nm slits. solution are similar (Figure 8). The two vibronic satellite bands
... arelessresolved in fluorescence because of the broadening, but
aggregaté:>1% Clean aggregate spectrum appears also in thin yhe wvo harmonics of thev1400 cnt® modes are clearly
films of low-molecular weight poly(vinyl alcohol) containing  giscernible. Our attempts to resolve the vibronic structure by
about 10% (2-3 M) of PICA44° , tuning the narrow-band (0.5 nm) excitation to the red edge of
The prominent satelhtelbands are dlsplaceclj from the J'bandthe PIC 6-0 absorption band failed. However, the site-selection
maf(l'ma by 127Gt 10 cnr and_ 2640+ _20_cm‘ (2720+ 30 effect can be demonstrated in PIC aggregates. The excitation
cm i the red form). There is no shift in the 535 nm band i, \eqonance with the J-band produces an emission spectrum

region in the excitation spectra when the narrow-band recording displaving numerous lines between 200 and 1600%fiqure
(slit width 0.2 nm) is tuned over the inhomogeneously broadened 9). paying ‘i

J-band (data not shown). On the other hand, there is lack of
mirror symmetry with respect to the intensities of the 535 nm
band and the vibronic fluorescence of the J-band having the
relative intensity as small as H85% of the resonance intensity
(Figures 3, 5, and 6). By contrast, the integrated absorption
area of the 530 nm band (562700 cnt! above the 6-0)
relative to the J-band is 4% 5% for the red form or even as
large as 10Gt 15% for the blue form. In dichroic absorption
spectra of oriented aggregates the short-wavelength band
exhibit a different polarization than the J-battt44> The 572
nm band, on one hand, and the 530 and 494 nm bands, on t|
other hand, have different signs in the circular dichroism spectra
in an aqueous solution of 1.5 102 M PIC and 1 M
dipotassium.(+)-tartrate at room temperatute.

All these observations can be understood by assuming that
the short-wavelength bands belong to a different electronic
transition, rather than to vibronic subbands of the lower
transition. The zero-phonon lines (ZPLs) of PIC embedded in
the transparent aza-PIC crystal at 548.77, 552.6, and 555.7
nm*! lie just between the narrow band and its first satellite
(Figure 3). Therefore, there is good reason to assume that th
535 nm feature belongs mainly to the transition to the top of F¢ . .
the excitonic band or to the upper level of a symmetrically split with the displacement of the o_letectl_on waveler_lgth (_da_ta not
exciton component. We propose that the 535 nm band consistsShown)' . Thus, the ab;orptlon intensity mod_ulatlon .V\.”th'.n the
mainly of the upper exciton component (from here on denoted S, band is characteristic to the upper excitonic transition itself.
as S) and the stronger peak at 495 nm incorporates its vibronic ~ The strong and broad;Sband is separated from 8y 1380
sub-band (8). It was deemed earlier that the;®and may ~ + 20 cnt! and can be tentatively assigned to a group of
be due to the upper exciton transitin.The less intensezs vibrations of the upper excitonic transition. Accordingly, the
has been occasionally ascribed to a vibronic side band of temperature shifts of the;&ind $; bands are similar (Figure
S,.15:44.45 4c and Table 2).

Figure 7 illustrates how the energy levels of PIC aggregates The theory of vibronic coupling in linear PIC aggregates
develop starting from the cold PIC monomer in vacuum. An predicts the relative side band intensities of 0.15 and 3 for the
average 1500 crt shift occurs between the-® origin in bare excitonic transitions to the lower and upper band edge,
PIC monomer and the zero-phonon lines in diluted aza-PIC hostrespectively (ref 15, p 280). These values are in full accordance
matrix as a result of the change in the interaction energy of one with the observed ones (Figures 3, 5, and 6). Moreover, the
molecule with all the rest in its transition to an excited state. model of cyclic linear aggregates with two monomers per unit
This matrix shift has been taken into account phenomenologi- cell provides a correct sequence of transition energigsxS

In the absorption and excitation spectra of aggregates, a
spectacular structure is observed in theb8nd region in the
frequency interval 13002000 cnt?! above the J-band, consist-
ing of several shallow holes on a broad background (Figures
4c and 9). The minima of the holes are displaced fronbys
1380, 1556-1600, and 18061900 cn* and resemble the 1370
and 1630 cm?! peak positions in the emission spectra (Figure
9)- Similar structure can be discerned in published low-
temperature absorption spectra of PIC aggreqdt®hut as
hefar as we know, its origin has been never discussed. One can
speculate that peculiar resonance effects may occur when the
S, vibrational levels fall in the Spurely electronic exciton zone.

An alternative explanation might be that groups p¥ibrational

lines centered at 1270, 1470, 1650, ar2D00 cnT! can make

up broad features and leave narrower gaps between them.

However, this possibility can be discarded because of the fact

that any shifts in the Segion are absent in the excitation spectra

5recorded with narrow bandpass detection (slit width 0.2 nm)

within the inhomogeneously broadened fluorescence band
etween 568.5 and 569.5 nm (blue ford M KCI). In

particular, the hole at 5228 0.2 nm (Figure 5) is not shifting



7982 J. Phys. Chem. A, Vol. 101, No. 43, 1997 Renge and Wild

TABLE 2: Fitting Parameters of the Temperature Dependence of Band ShiftsAvy,) in PIC Monomer and J-Aggregates

Avm AV AVm =ap+ alTaz
vm (10 K) (190 K) (293K) ap

species matrix transition  (cm™)?2 shifttype (cm™)?2 (cm™)2 (cm™) —a a AT (K)
monomer PMMA ) 18905+ 3  observed 3 -13 0.6 —-7.2x10% 253 9-324
dispersivé 15 32 0 0.0029 1.64 0324

pure therrfi -19 —44 04 -10° 188 0-324

J-aggregate glycerol4® (50%)+ S 17579+ 0.4 observed —-83 147 5.8 —0.039 1.46 13294
(blue form) 2 MKCI 2.0 —0.0017 2.06 13190
J-aggregate glycerol4® (50%)+ S 17543+ 1 observed —73 0.9 —0.0031 1.92 8190
(blue form) 2.5 M KBr S 18823+ 3 observed —55 0.7 —0.0027 1.89 8190
S® 20188+ 3  observed —45 0.7 —0.0089 1.63 8190

J-aggregate glycerol4® (50%)+ S 17350+ 0.5 observed —78 —156 2.8 —0.0176 1.60 8275
(red form) 4 M KF 0.7 —0.0041 188 8190
dispersivé 56 96 1.47 0.079 1.25 6300

pure therrda —153 —287 —0.1 —0.080 144 6300
excitonid 20 35 0.5 0.029 1.24 6300

S 18609+ 5  observed —-47 147 -38 —0.00019 2.38 8247
0.6 —0.019 149 8190
pure therra -89 —203 -7.2 —0.0024 199 6300
excitonid -20 -35 -05 —0.029 1.24 6300
S® 20016+5  observed —42 —o7 0.8 —0.0016 194 8247

2y, band maximumaAwvy,, band shift relative to 0 KE Temperature interval of the fitting.Dispersive (calculated from eq 6) and pure thermal
components (pure therm.) of the observed thermal sHifthe 535 nm band, assigned in this work to theQOtransition to the upper excitonic
level. ¢ Vibronic band of the second excitonic transition at 495 hExtrapolated value? Dispersive, pure thermal and excitonic components of
the observed thermal shift calculated from eqs 8 and 9.

1.2 T T PIC mono-  PIC mono- Exciton Exciton
J-aggr. in 50% glycerol mer in merin levels in levels in
10} +2.5 M KCI i vacuum aza-PIC  Jaggregate J aggregate
(blue form) crystal at10K at293 K
£oslh T=8K
2 0.
2 -
[= y —
706 §5| & &
[} o o 15}
< 8 g 8 )
Ko 04 2 8 & £ £ £ €
o E -~ = c c cl
~ ol o
02 L S £ B 2| 8|3
™~ ) Q o] o
0.0 . ? s gl 8| B3
2000 1000 0 -1000 -2000 -3000 b s

Wavenumber shift (cm)

Figure 6. Fluorescence spectrum of PIC (80M) J-aggregates in 50%
glycerol in the presence of 2.5 M KCI (blue form): excitation Figure 7. Energy level diagram connecting the-0 frequency of the
wavelength 495 nm with slit width 1.5 nm, recording slit width 0.5 nonsolvated cold PIC molecule (eq 1) with exciton band positions in

nm, T = 8 K. The solution was placed between silica plategu(3 J-aggregates at room temperature. Arrows indicate the wavelengths for
layer). The spectrum is displayed relative to the J-band maximum (569 monomeric transitions and band maxima in both blue and red forms
nm) in wavenumber scale in order to show that th&400 cnt?! of aggregates.

frequencies predominate in the emisssion as in the case of PIC

monomer. The maximum &t600 cnt! (549 nm) belongs to the trace  pic matrix is accompanied by a huge asymmetric wing
of residual PIC monomer. spreading between 40 and 340 dmat half-intensity) and

S, < S11 < $,1.1%16 In nonoriented samples the upper excitonic  peaking at 106t 10 cnt? (data taken from Figure 1 in ref 41).
band S and the broader vibronic satellitg:®f the J-band are These vibrations seem to be characteristic mainly to the
not separated. However, the 81d S; bands are very well chromophore itself rather than to the matrix, because the Stokes’
distinguished in absorption dichroism spectra of J-aggregatesshift in a glass is twice as large as the width of the wing in the
oriented in a flow of aqueous solutiohior by spin coating of crystal (300 cml). Both the depth of spectral hofégif we

the PIC bromide/poly(vinyl alcohol) in watéf:*> Both the assume saturated holes) and theQOline intensity in the
relative positions and intensities of the calculated spectra impurity crystal imply that the DebyeWaller factor (DWF)
(Figures 4 and 6 in ref 15 and Figure 2 in ref 16) for the lower for PIC is about 1%. Here the DWF is defined as an intensity
and upper exciton band edge transitions closely resemble theratio of the ZPL to the total intensity of the whole band under
linear dichroism spectra recorded with the light polarization exclusion of high-frequency satellites.

parallel and perpendicular to the flow direction (Figure 1 inref ~ On the contrary to monomeric PIC, the difference between
15)24445respectively. Since the upper exciton band is quite the absorption and fluorescence band contours is barely detect-
sharp, its position can be correctly measured also in nonorientedable in J-aggregates (Figure 10). The Stokes’ shifts a&f #

samples (Figures 3 and 5). cm~1and 6+ 2 cnr ! were obtained for the blue and red forms,
Let us next discuss the vibronic activity of low-frequency respectively. Accordingly, a pseudo-phonon hole could be
modes hidden within the inhomogenously broadengtehd. burned after a prolonged irradiation of PIC aggregate in glycol/

Fairly large Stokes’ shift between the fluorescence and absorp-water glass at 568.8 nm that is red-shifted only by 2.5%#h

tion band maxima of monomeric PIC in 50% glycerol/water This unusually low-frequency vibration has been attributed to
glass (570 cm!, Figure 8) reveals strong coupling to low- an acoustic mode of the aggregate clfaitowever, there are
frequency vibrations. A weak ZPL of PIC monomer in the aza- at least two alternative explanations of both the Stokes’ shift
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Figure 8. Fluorescence and excitation spectra 0k310° M PIC Figure 10. Absorption and fluorescence spectra of PIC €1M)

iodide in 50% glycerolT = 10 K. The solution was placed in a 0.5 J-aggregates in 50% glycerol in the presence of 2.5 M KClI (blue form)
mm silica cell. The optical density at the-0 maximum was 0.1. The ~ and 4 M KF(red form),T = 8 K. The solution was placed in a 1n
emission was excited and the excitation was recorded at the edge ofsilica cell or between silica plates (@n layer) for absorption and
vibronic progession (450 and 670 nm, respectively) in order to suppressfluorescence measurements, respectively. Slits (absorption/excitation/
the site selection effect. All slits were 1.5 nm. The position of the emission): 0.2/1.5/0.05 nm (blue form) and 0.5/1.5/0.1 nm (red form).
vibronic satellite band in excitation spectrum (1430 &mand the The Stokes’ sifts are 4 1 cmi? (blue form) and 6+ 2 cm® (red
Stokes’ shift between the band maxima (570 énare indicated. The form). The Kr emission lines (one appears at 567.25 nm) served for
2hwhm is 750 and 1100 crh for excitation and fluorescence, Wwavelength calibration.

respectively.

wavelength side of the band of 764 and 1071 &im glycerol/

J'.aggregate‘ 'blue form (;2 M KCI) water and PMMA at 8 K, respectively (Figures 3 and 11, Tables
210 1 1 and 3).
% i S2+S11 The inhomogeneous site-distribution functions (IDF) for
£ 08 absorption monomeric and J-bands are of interest, since, at least in
S principle, the effective size of aggregates (exciton coherence
% 06 1350} 1370 length, delocalization volume) could be deduced on the basis
] of their ratio}* The fwhm of the absorption or fluorescence
B 04 contour does not exceed the width of IDF more than by 10%,
a ] if the spectral band is composed mainly of zero-phonon lines
c 02 a4 (DWF > 0.5)7 (see also ref 48). Because the Stokes’ shift
0.0 .. Brmission . between the absorption and fluorescence band maxima is only
0 500 1000 1500 2000 about 10% of the bandwidth (Figure 10), the IDF of J-bands
Wavenumber shift (cm™) should nearly coincide with the bandwidth.
Figure 9. Fluorescence and absorption spectra of J-aggregates in 50% On the other hand, the weak-0 line of the PIC monomer
glyceroliwater glass (blue form in the presence 2 M KCI). in aza-PIC matrix is accompanied by a huge low-frequency wing

Fluorescence was excited with narrow slit width (0.3 nm) close to the having fwhm 300+ 30 cnt! (Figure 1 in ref 41). By

maximum of the J-band (569.2 nm). Absorption was measured in & g, 1y:a oting this wing width from the measured bandwidth (764

100um cell. The spectra are plotted relative to the excitation or J-band > . -
maximum frequency to compare the ground-state vibrational frequenciescm ) one obtains that the IDF of PIC in glycerol/water host

(indicated in cm?) in the emission spectrum with the structural features Matrix cannot be much larger tham00 cnrt, Rigid molecules
of the absorption in the upper exciton region. with similar size and dispersive solvent shifts, anthracene and

moderately polar 9-cyanoanthracene in a polar propylene

and the occurrence of the pseudowing. First, the lowest exciton carbonate glass possess similar IDF widths of 300 and 568,cm
transition may consist if several closely spaced levels. Second,respectively*® Consequently, the PIC monomer in vitreous
there may be nearly resonant dipeldipole energy transfer  solvents does not reveal excessive inhomogeneous broadening,
between different aggregate species within the inhomogene-despite the nonplanarity and flexibility of the chromophore. In
ously broadened ensemble. Both the energy transfer andpolymers the absorption spectra are remarkably broader (Table
intraband relaxation may, in principle, account for the observed 1 and Figure 1) because the interaction with macromolecules
phenomena. The DWF estimated from the saturated hole may result in additional inhomogeneous broadening owing to
depti?! in the J-bands ought to be at least 0.3. It is probably the geometry distorsions of PIC molecules.
higher because not all the centers can be subject to photo- Therefore, a narrowing of inhomogeneous bandwidth ap-
bleaching. proximately by an order of magnitude takes place in J-

4. Inhomogeneous Bandwidth of PIC Monomer and aggregates. An attempt to derive the aggregate size from this
J-Aggregates. The full width at half-maximum (fwhm) of factor would be justified if all the aggregated PIC molecules
J-bands 88 K ranges from 30 to 78 cni for the blue and red  were exposed to matrix inhomogeneities (e.g., in a thin thread-
forms of spectrally pure aggregates (Figure 4a,b, Table 3), like linear polymer). However, the thermal broadening and shift
respectively. The fwhm of the exciton bands in the blue (571 of the J-bands is insensitive with respect to the melting of the
nm) and the red (578 nm) forms coexisting in ethylene glycol/ 50% glycerol matrix (subsections—%). Thus, it is highly
water glass has been given in the caption of Figure 1 in ref 23 probable, that the aggregate has a much more compact structure.
as 474+ 2 and 35+ 2 el respectively. However, the width ~ Evidently, the hydrophobic interaction serves as a principle
of the stronger 578 nm band measured directly from the Figure driving force of aggregation in aqueous environment and tries
2 in the same ref 23 is larger (62 5 cn™Y). to minimize the waterpigment contact. One can treat the

The PIC monomer band is much broader having the double aggregate as an ordered particle, a kind of microscopic crystal.
value of the half-width at half-maximum (2hwhm) for the long- It is obvious that the role of motional narrowing (exciton
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TABLE 3: Fitting Parameters for the Temperature Dependence of $ Bandwidth (Full Width at Half-Maximum) ( T) of PIC
Monomer and J-Aggregates

I(10K)  T(293K) AT F=a+aT?
species matrix (cm™)2 (cm™)2 (cm™)P a5 (cm™) a a AT (K)C
monomet PMMA 1071+ 5 1330+ 10 259 1068 0.0051 191 -®B24
1067 0.0052 191 9190
J-aggregate (blue form)  glycerobd (50%)+ 2 M KCI 30+£0.2 140+ 1 110 31 6.4x 1077 3.34 13-294
32 46x 107 3.32 13-190
J-aggregate (red form) glycerob@ (50%)+ 4 M KF 78+ 0.5 182+ 1° 104 78 3.9x 107 3.42 8-273

79 75%x 107 3.26 8-190

aBandwidth at 10 and 293 K, respectivelBand broadening between 10 and 293°Kemperature interval of the fitting.Double half-width
at half-maximum (2hwhm) of the long-wavelength side of the b&mtktrapolated value.

r v ” 150 : T . ' v T
08 | PICIin PMMA 10 ] @ v-18901 em’; PIC in 50% glyc.-water ®
100F O v-18905 cm™'; PIC in PMMA
~ A v-18609 cm™'; J-aggr. S, (+4 M KF)
.%‘ 0.6 5 sof % v-17350 cm™; J-aggr. S o
s =
= K= o
7 ojmampeetr -t r o
S 2 *4 A
@ -50 * A 1
0.2 2
o *% A
-100 | * *A
0.0 : ; *
450 500 550 600 -150 . . ; . Lk
Wavelength(nm) 0 50 100 150 200 250 300
Figure 11. Temperature dependence of the'Hiethyl-2,2-cyanine Temperature T (K)
iodide absorption spectrum in poly(methyl methacrylate) film. Figure 13. Temperature-induced shifts of 1,diethyl-2,2-cyanine
iodide absorption maxima in different systems relative to 0 K:
400 g T T T T | nas monomeric dye in 50% glycerol/water gla®)(@nd PMMA () and
® 1-764 cm'; PIC in 50% glyc.-water the § (*) and the $ (535 nm) bandsA) of J-aggregates in 50%
O 1-1072 cm™; PIC in PMMA glycerol/water glass in the presence4oM KF (red form).

= 300 | A T-78 em’; J-aggr. ¢ (+4 M KF)

= % 1-31 cm™'; J-aggr. S; (+2 M KCI) . ) .

f sample (Figure 13). Broadening of the PIC monomer band in

3 PMMA has a quadrati® dependence, whereas the J-band obeys

@ 200 | . N - o

£ a much steeper relationship withcoefficient 3.4. A similar

3 4 correlation between th& coefficient of the band broadening

£ 100} and the linear electrenphonon coupling strength (DWF) can
be followed for differentr-electronic molecules embedded in
polymer matrices (see below). In case of spectral bands

0 . e Vet " " N P . - _ .
0 R0 T 100 150 200 250 300 consisting mainly of purely electronic zero-phonon lines (DWF

> 0.7) (octaethylporphine and pyrene in poly(vinyl butyral)
Figure 12. Temperature-induced broadening of PIC iodide absorption matrix) the T coefficient is as large as 23 (80.< T= 3.00 .
maxima in different systems (relative to 0 K): monomeric dye in 50% K) (df_i?a n(_)t shown). By contrast, for a predominately V'bron'c
glycerol/water glass®) and PMMA (); the S bands of the reda) transition inS-carotene thel dependence of the band width
and blue ¢) forms of the aggregates in 50% glycerol/water glass. has a shallow slope witf coefficient of 1.3-1.52°

Experimental data were approximated with power-law dependencies The steef-dependencies above 140 K for both the blue and
(parameters of the fitting curves are given in Table 3). red forms of J-aggregates can also be approximated to an

delocalizationy#%in determining the inhomogeneous bandwidth Arrhenius relationship with an effective activation energy of
critically depends on the structure of the aggregate. Ordered520 + 20 cnt!. Vibrational lines with similar frequencies
structures such as microscopic crystals can have narrow excitorappear in the selective fluorescence spectra at 489 and 609 cm
bands. Without detailed knowledge of the structure it is hardly (Figure 9). Therefore, the thermal population of local vibrational
possible to derive the size of aggregates (coherence volume ofmodes may contribute to the band broadening in PIC aggregates.
the exciton) from the ratio of bandwidths. Indeed, it was In our glycerol/water/salt system the thermal J-band broaden-
established in a recent sttythat the narrowness of J-bands ing is about two times smaller than that of the red excitonic
arises from the reduction of disorder upon aggregation, ratherorigin (at 576.1 nm) for PIC bromide aggregate in ethylene
than a motional narrowing effect. glycol/water glass (Table 4¥. Moreover, the hole width

5. Thermal Band Broadening in PIC Monomer and between 30 and 80 &2 exceeds the band broadening by a
J-Aggregates. The influence of temperatur@) on absorption factor of 5 or more (Table 4). The width of persistent holes
bandwidth was studied in the broddrange between 10 and corresponds largely to the homogeneous line width determined
300 K for PIC monomers in 50% glycerol/water and PMMA by dynamic dephasing processes. The contribution of irrevers-
(Figure 11) as well as for J-aggregates (Figure 4). The ible broadening of the holes during the burning/readout time as
experimental data can be approximated very well with power- a result of spectral diffusion should be negligible, since the
law dependencies in the full range from 10 to 276330 K residual hole broadening after the temperature cycling is very
(Figure 12 and Table 3), except for PIC monomer in the small (0.3 cnt? for the excursion temperature up to 80 Ry3
glycerol/water mixture that shows a discontinuity at 180 K. A Note, that in an ideal case the increase of the bandwidth amounts
fast blue shift sets in at thak indicating the melting of the  to a half of the homogeneous hole width.

Temperature T (K)



Pseudoisocyanine Monomer and J-Aggregates J. Phys. Chem. A, Vol. 101, No. 43, 1997985

TABLE 4: Temperature Dependence of the Band/Hole BroadeningAI') and the Observed Band Shift Avy,) in J-Aggregates
broadeningAT' (cm™2) shift Avm (cm?)

blue form 568.9 nm  red form576.4nm 576.1 nmband hole in 578 nm band both forms 576.1 nm band
T (K) (2 M KCI) (4 M KF) (ref 20y (refs 22,23) (568.9, 576.4 nm) (ref 20y
30 <0.2 0.2 0.7 0.8 -2 -0.7
40 0.2 0.3 0.8 1.1 -3.5 -1.9
50 0.3 0.5 1.2 1.6 5.5 —4.2
60 0.5 1 15 3.3 -8 -7
70 0.8 1.4 1.9 5.7 -11 —-10.4
80 1.2 1.8 2.5 10; 08 —-15 —-14
100 2 35 4.2 —-22 —-22
120 4 5 7.3 -33 —-30
140 6.4 7.5 12 —44 -39
160 10 12 22 —58 —48
180 14 17 38 —-73

aRelative to that at 10 K, in 50% (w/w) glycerol/water with added s&IRIC bromide in ethylene glycol/water glass; data are taken from
Figure 2 in ref 20¢ Quasihomogeneous hole width for PIC iodide J-aggregate in 50% (v/v) ethylene glycol/water glass; data are taken from Figure
5 in ref 22.9 Broadening of a hole (burned and measured at 4 K) as a result of thermal cycling up to 80 K (from Figure 3 in refs 22 and 23).

In contrast to glycerol/water/salt system where aggregation 40 " 7 " "
takes place already at ambient conditions, the J-aggregates are PIC iodide in PMMA 168
formed in glycol/water mixture only upon coolitfgor under 20+ .
the external pressuf@. It is conceivable that the aggregatesin | .7
glycol/water have a smaller size and, therefore, a larger area of = 0 o
surface at contact with polar glassy host matrix. In its turn, E
this may enhance the strength of electron-phonon coupling and £ 5 255 -
lead to extensive broadening. o |- dispersive ™
Despite larger inhomogeneous width theroadening in the @ observed 168
red form is only very slightly stronger than that in the blue form 40T — pure thermal T
(Table 4). In summary, aggregates prepared upon addition of
high concentration of electrolytes possess considerably smaller -60 0 100 150 200 250 300

50 350

thermal broadening than those formed in the systems without
20,22,23 i

salt: The aggregates descrl_bed above have probably theFigure 14. Dispersive (dotted line) and pure thermal (thick line)

smallest homogeneous broadening between 8 and 88K ( contributions to the observed temperature shift of PIC absorption

cm™) among the optical spectra of all the other molecular maximum in PMMA relative to 0 K. Dispersive shift was calculated
systems (i.e., neat molecular crystals, Shpolskii matrices, dyesfrom eq 6 and subtracted from the observed si@#} {o obtain the

Temperature T (K)

in polymers, etc.).

6. Temperature Shift of PIC Monomer Band in PMMA.
The § — S transition of PIC in PMMA film undergoes a
negligible bathochromic shift of 0.5 nm upon the warming up

pure thermal shift. The temperature coefficients of the power-law
approximation are indicated (see Table 2).

Dispersive solvent effect always produces a blue shift upon

from 10 to 300 K (Figures 11 and 13). In water/glycerol mixture rising the temperature as a result of volume dilatation ef the
a fast hypsochromic shift sets in above the glass transition pointmatrix. The difference between the observed band shift and
around 200 K (Figure 13). Above 200 K, the density of the the calculated dispersive contribution yields the purely thermal
liquid decreases rapidly and the corresponding diminishing of (vibronic) part of the band shift (Figure 14, full line). The
matrix polarizability leads to a fast decrease of the dispersive €xperimental shift and the calculated contributions can be very
shift. In PMMA the dispersive blue shift (upon the rise of Wwell fitted to power-law dependencies (Figure 14, Table 2).
temperature) and the phonon-induced or pure thermal red shift 7. Temperature Shift of J-Aggregate Bands. The ag-
nearly compensate each other. The shift components can beyregate bands shift strongly to longer wavelengths upon the
separated, provided the thermal expansion coefficient of the increase of temperature (Figures 4 and 13, Table 2), in contrast
matrix is knownz® to the PIC monomer absorption in PMMA that shows a very
We first calculate the temperature dependence of dispersivesmall net shift (Figures 11, 13, and 14).
effect from the density and refractive index changes of PMMA
(eq 2). The density relative to that@K (dr/do) was found by
integrating the tabulated values of linear thermal expansion
coefficients @) for PMMA:51

The decomposition of thermal band shift into constituents is
carried out as follows. First, the dispersive shift is calculated
by assuming that both exciton levels possess a similar matrix
polarizability dependence. Further, it is supposed that the
solvent shift scales linearly with the density of the cry$tal.
Similarly, the shifts of excitonic components are determined
from the excitonic splitting value at low temperature. The
resonance interaction decreases as a result of thermal expansion,
= 1.490° (¢(n?) = 0.289) we obtain from eqs 2 and 5 that the and the levels approach each other in a symmetrical fashion.
Lorentz-Lorenz function$(n?) at 0 K is equal to 0.300.  Finally, the pure thermal effect on both exciton bands is

According to egs 1, 2, and 5, the temperature dependence ofestimated by taking into account the dispersive shift and the
the dispersive shift relative to that&t= 0 K can be calculated  change of excitonic splitting of levels.

as Recently the temperature changes of the unit cell parameters
for bis(dimethylamino)heptamethinium perchlorate (BGZHO,~)
crystals have been measured by X-ray crystallogré@phyhe

di/dy=(1+ fadn)® (5)

With the refractive index value of PMMA at 293 K= n?%,

Avgg,=—0.30Q[1 — (1+ f[adT)] (6)
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100 r T . . . TABLE 5: Temperature-Induced Pure Thermal Shift (Avy!)
disp. 7125 a and Broadening (AT) of 0—0 Absorption Bands®
\ T1 24 L.
...................................... Avpt AT —AvyY
0 compound (cm?)  (cmY) AT  DWP —p(cm e
- PIC J-aggregate —220 104 2.1
E, -100 | — dispersive T1.60 | octaethylporphine —90 60 1.5 0.87 130+ 20
& [ excitonic pyrene —65 80 0.8 0.75% 1160+ 40
& _® Soserved pheophytinaf —60 70  0.86 980+ 30
200k P v ] HITCI¢ —50 120 0.42 0.15 3300+ 400
therm: T4 tetracene —40 110  0.36 ~0.4" 5100+ 300
J-aggr. S¢ band PIC iodide —-30 240 0.13  0.01 3000+ 200
300 . , . . . pheophytina -15 180  0.08 430& 300
0 50 100 150 200 250 300 (Soret band)
100 . . . , : j-carotené 60+20 200 -—-0.3 9000+ 700
. b
disp. A T125 2 Between 80 and 293 K in PVB matrix, erréi15%.° Debye-Waller
factor. ¢ Dispersive solvent shift per unity Lorenttorenz function
M = S o ————— (slope of eq 1) from refs 27 and 28Reference 47¢ Reference 48.
= 712877 fReference 29 1,1,3,3,3,3-hexamethylindotricarbocyanine iodide.
g o0l — dispersive 7238 h Reference 55.In PMMA. i References 24 and 41.
£ T Skotome therm™Y 1 fits in the full T range are slightly worse and have the power
& — pure thermal coefficient for the $band about 1.5. Pure thermal shifts which
-200F  J-aggr. S, band: PICI in 100N are of main interest from the point of view of EPC are
50% glycerol+4 M KF T characterized b{'to T2 dependencies for the PIC monomer
(red form) and both excitonic transitions. According to egs 8 and 9 the

-300

T125dependence of dispersive and excitonic components reflects
the thermal expansion of the crystal which turns out to be rather

Figure 15. Temperature-induced shifts of the excitonic absorption shallow (eq 7°
bands for the red form of PIC aggregates in 50% glycerol/water glass The absolute values of pure thermal shifts of aggregate bands

in the presencefat M KF: (a) S (576.4 nm) band, (b)S537.4 nm) between 0 and 293 K are also much larger than these of the
band. The dispersive and excitonic shifts resulting from thermal monomer {200 to 300 vs-44 cnt?). Bathochromic phonon-
expansion were calculated from egs 8 and 9, respectively, and subtractednduced shifts are characteristic for zero-phonon lines in both
from the observed shift®) to obtain the pure thermal contribution.  organié3 and inorganie* materials as well as for broad bands
Thg temperature coefficients of the power-law approximation are jn doped polymer&® For comparison, the broadening and shift
indicated (see Table 2). data between 80 and 293 K are presented in Table 5 for S
thermal volume change has been described by the following @0SOrption bands of various-electronic chromophores doped
polynomial regressiod? in poly(vmyl butyrall) (PVB) film. The pure thermal shift was
estimated as described above for PIC/PMMA. It follows from
AVIV,=1.3x 10 *T+2.38x 10 ' T (7 Table 5 that the shift is strongly correlated with the strength of
linear EPC (DWF). For example, at first sight, surprising

Here we suppose that the PIC aggregates have the samélecrease of pure thermal shifts with increasing the EPC occurs
relatively large thermal expansivity as BDBIO,~ crystals (6%  for the § bands in octaethylporphine-@0 cnr*, weak EPC)
volume increase between 30 and 293 K). > pyrene> pheophytina > cyanlneldye HITCP> tetracene>

The density-dependent dispersivArgis) component is ~ Pheophytina (Soret band){15 cni™, strong EPC). However,
calculated from the absolute shift of the &d $ midpoint thermal shift of spectral holes burned in teteat-butyl-
energy aflT = 0 K (17 980 cnt? for the red form) relative to tetraazaporhine embedded in various polymer hosts reveals a
the 0-0 frequency of nonsolvated PP (eq 1) (1736 cnt) normal behaviour in the low-temperature range %D K), (i.e.,

and the relative thermal expansivith\(/\V) of the matrix (eq larger shifts were observed for systems with stronger EPC).
7): To explain this discrepancy between the behavior of zero-

phonon lines and broad bands, it can be proposed that at higher
Avdisp= 1736AVIV)/(1 + AVIV,) (8) temperatures another shift mechanism sets in that compensates
the initial red shift of zero-phonon lines, particularly in the
Similarly, the excitonic shift is taken equal for both exciton systems with strong EPC. Indeed, in casefetarotene in

0 50 100 150 200 250 300
Temperature T (K)

bands, but with a different sign: polystyrene or PVB matrix, the initial red shift is changed to a
blue one above 110160 K2° This effect can be accounted
Avg, = i1/2(1270)(AVN0)/(1 + AVIVy) 9) for in terms quadratic EPC, if the relevant “phonon” modes

have higher frequencies in the excited state. When the excited-

where 1270 cm! stands for exciton splitting. Sigf means state polarizability (solvent shift) is large, the strengthening of
that, with increasing temperature, the J-band is blue shifted. Theintermolecular interactions in the excited state may result in
opposite is true for the ;Sband of the upper exciton level. the increase of the frequencies of quasilocal (intermolecular)
According to eq 9, the exciton splitting decreases by 70%cm vibrations in the excited staf@. Furthermore, the intramolecular
between 0 and 293 K. torsional modes irg-carotene and PIC monomer may have

Different shift components of the;&nd $ bands for the higher frequencies in the excited state. Most of the dye/polymer
red form of PIC aggregates are illustrated in Figure 15. The systems occupy an intermediate position between PIC monomer
observed band shift and its constituents were approximated toand aggregates, as far as the pure thermal shift and the strength
a power-law dependence. The fitting parameters are given inof EPC are concerned (Table 5).
Table 2. Between 8 and 190 K, the observed shifts ;04r®1 8. General Discussion of Electror-Phonon Coupling in
S, bands obey very well a nearly quadratic dependence. The Monomers and J-Aggregates.EPC manifests itself in the shift
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broadening \

intra- and intermolecular vibrations can give rise to a spectro-
scopic entity which is very weakly interacting with phonons
and local modes. Obviously, only a very strong resonant
interaction is able to decouple the exciton from the matrix modes
and even local vibrations. Thus the first condition of primary
importance seems to be the large oscillator strength of the
transition (at least 0.5). In accordance with large oscillator
strength of the Soret band, such a narrowing has been indeed
observed in the aggregated porphyrins in acidic media.
Nevertheless, for similarly intense'B,-1'Ag transitions in
polyenes, in'By, (3) bands in polycyclic hydrocarbor$,and
h = 5 s 200 200—-240 nm bands in fullerené8the J-aggregation eﬁgpt has
Temperature T (K) not been observed. The above mentioned transitions are
characterized by huge dispersive solvent shiftp > 8000
broadening#*, A) of J-bands in the blue®( *) and red [0, a) forms cm-*/unity ITorentz—Lprenz fu,nCtic_),ﬁa’zg'lS% and, cqnsequently,
of PIC aggregates in 50% glyceroliwater glass in the owegion. ~ Very large increase in polarizability of the excited state. On
Temperature coefficients of the power-law approximation between 10 the other hand, the solvent shift in polymethines and the Soret
and 190 K are indicated (see Tables 2 and 3). bands in porphyrins is at least by a factor of 2 smaliep &
3000-4000 cnr1).28:38.60 Bearing in mind the interrelationship
and broadening of electronic transitions. The obser¥ed  between the EPC and the solvent shift, it appears that both the
induced shift and broadening of sharp PIC aggregate bands argelatively small change of polarizability and the large transition
plotted in an enlarged scale in Figure 16. Note that the shift dipole moment are necessary preconditions for essential de-
below 20 K and the broadening below 50 K are too small to be coupling of vibrational motions from the exciton which leads
reliably determined in our spectrophotometric measurement. Theto the formation of a characteristic narrow-band spectrum of
behavior of the blue and the red forms is similar (Tableg2 aggregated polymethine dyes and porphyrins. The influence
As compared to the aggregate, the PIC monomer embedded irof another crucial factor, the chemical structure, has been
a PMMA film has a much smaller pure thermal shift (Figure investigated already in the very first papers on aggregation
14) and a much stronger broadening (Figure 12) in the whole properties of numerous monomethine and carbocyaninédyes
exploredT interval. (see also ref 13).
Table 5 summarizes the broadening and shift data for different
m-electronic chromophores in PVB host matrix. The magnitude conclusions
of pure thermal shiftAv.Y) of J-aggregate bands is much larger
than the broadeningAl’) between 80 and 293 K—(Av/AT Absorption and fluorescence properties of J-aggregates in the
= 2.1). The shift-to-broadening ratio is also larger than unity Solution of 10* M PIC iodide in 50% (w/w) glycerol/water
for Octaethy|p0rphine and decreases fast in the series thave been studied in the temperature interval from 8 to 293 K.
pheophytina > pyrene> HITCI > tetracene> PIC monomer. Both the red and blue aggregate forms were prepared selectively
It is evident that—Avn/AT is strongly correlated with the in the presence of high concentration-2 M) of potassium
strength of linear EPC (DWF) and the dispersive solvent shift fluoride and chloride or bromide. As a result, clean spectra of
parametep (the slope of eq 1). The DWF's were estimated individual aggregate forms were be obtained. The broader
earlier from the site selection spectra and hole-burning @ata. features peaking at 535 and 495 nm were assigned to the
The EPC characteristics of the PIC in monomeric and aggregatediransition involving the upper excitonic level {Sand its
state constitute nearly the extreme cases among the organid/ibronic replica (1), respectively. The distance between the
systems fron‘ﬁ_carotene to octaethylporphine. two transitions (eXCiton Spllttlng) equa|S 122010 cnttin
According to the theory of impurity centers in crystals, the bPoth blue and red forms.
shift of a zero-phonon transition is linear with the quadratic ~ The thermal shift and broadening of exciton bands in PIC
EPC constan8, whereas the broadening is proportiongbt¢® aggregates was investigated in a broad temperature range up to
Therefore, in case of weak EPE€ < 1 andp > f2 (i.e., the 293 K and compared to those for PIC monomer and other
shift is larger than the broadening). The consfadetermines  s-electronic molecules. The pure phonon-induced part of the
the change of the normal phonon coordinates upon phototransi-shift was separated by subtracting the dispersive and excitonic
tion in the impurity or, in other words, the change of curvature contributions from the observed temperature shift. As far as
of the harmonic potential between the ground and the excited the strength of electrenphonon coupling of optical transitions
state>® is concerned, the PIC monomers in polymer matrices (strong
Considering the EPC over a very brogihterval, three main ~ EPC) and in J-aggregates (very weak EPC) constitute essentially
groups of vibrational excitations can be discerned: delocalized limiting cases of the van der Waals systems. Othetectronic
phonon-like modes, intermolecular (quasilocal) vibrations, and molecules (porphyrins, polymethine dyes, and aromatic hydro-
the torsional or librational movements of the flexible chromo- carbons) in polymer environment possess intermediate strength
phores themselves. The interaction with the first two types of of EPC.
vibrations can be sensitive to the changes of intermolecular van For a dramatic reduction of the coupling strength to both the
der Waals forces upon excitation, which in turn depend on the matrix and quasilocal vibrations occurring upon J-aggregation
polarizability difference and electrical charge redistribution the relatively small polarizability change between the ground
between the ground and the excited states. The same factorand the excited state seems to be crucial. Large chanye.in
determine the magnitude of solvent shift. The interdependencewould inevitably produce a shift in intermolecular distances in
of solvent shifts and EPC was first emphasized in ref 55 and the equilibrium state and the change of intermolecular force
further discussed in ref 29. constants upon optical excitation. Accordingly, theb@&nds
The most noticeable feature at the J-aggregation phenomenorin polymethine dyes and the Soret bands of porph¥fitisat
is that a monomeric species that is strongly coupled to both have relatively small solvent shifts can give rise to the spectral
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Figure 16. Comparison of the observed temperature si@ft{) and
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narrowing upon aggregation, whereas strong transitions in
polyenes, aromatic hydrocarbons and fullerenes probably cannot
Finally, a complete scheme is proposed to illustrate how the

Renge and Wild

(31) Renge, I. InProceedings of the 2nd International Conference on
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University Press: Dresden, 1996; pp-230.
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is shifted and split in J-aggregates as a result of dispersive,

excitonic, and vibronic interactions.
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