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Summary 

The synthesis of the di(glycyl)imide derivative of 3,4,9,10_perylene- 
tetracarboxylic dianhydride and its spectral properties in basic aqueous solu- 
tions are described. The monomer and dimer forms of the dye coexist in 
HZ0 (lop3 M NaOH) with an equilibrium association constant K = 1.0 X lo7 
M-’ (24 “C) f or d ye concentrations up to 2.4 X lo-’ M (degree of dimeriza- 
tion equal to 96%). The O-O absorption band of the monomer at 532 nm 
is split by exciton interaction in the dimer into a higher energy band at 
about 500 nm and a lower energy band at about 542 nm. The fluorescence 
quantum yield chF of the monomer is about 1.0, while the dimer is non- 
fluorescent (aF < 0.02). The addition of ethanol favors dissociation of the 
dimer, while the addition of NaCl favors its formation. The dye in 5Ovol.%- 
ethanol-5Ovol.%H,O (10e3 M NaOH) has a QF of 0.96 f 0.04. 

1. Introduction 

The dyes derived from 3,4,9,10-perylenetetracarboxylic dianhydride 
have been known for several decades as vat dyes possessing excellent light 
fastness [l - 31, but only recently has it been recognized that the photo- 
chemical stabilities of the dyes are retained in the solution phase and that 
the fluorescence quantum yields are high [ 4 - 81. These properties make the 
perylene dyes attractive as potential laser dyes and photosensitizers ES]. The 
development of stable, efficient and inexpensive photosensitizers is crucial 
to the design of practical artificial photosynthetic devices as a means of 
converting solar energy to a stable chemical form (fuel) 19 - 121. Colloidal 
aqueous solutions such as detergent micelles and lipid bilayer vesicles 
are currently being explored as prototypes of artificial photosynthetic 
systems [ 13 - 211. This paper is part of an ongoing study 1221 of the photo- 
chemical properties of imide derivatives of 3,4,9,10-perylenetetracarboxylic 
dianhydride in colloidal aqueous media. The solubilities of these dyes can be 
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controlled by varying the nature of the amine from which they are derived 
upon condensation between the amine and 3,4,9,10-perylenetetracarboxylic 
dianhydride. The mono(n-octyl)imide derivative is readily incorporated into 
aqueous micellar solutions, but its solubility and absorption and fluorescence 
properties are sensitive to pH effects, which affect the degree of protonation 
and hydration of the anhydride end of the molecule [22]. This sensitivity 
complicates the study of the photochemistry of the dye in aqueous solutions 
since several forms of the dye may coexist. Diimide derivatives such as the 
one described below are not intrinsically subject to such pH effects because 
both ends of the chromophore have the stable imide bond. 

This report describes the synthesis and spectral properties of the 
di(glycyl)imide derivative of 3,4,9,10-perylenetetracarboxylic dianhydride, 
whose structure is shown in Fig. 1. The dye is easily synthesized in quanti- 
tative yield from the dianhydride and the potassium salt of glycine. It is 
readily solubl‘e in water. Langhals et al. 15, 73 have prepared other water- 
soluble diimide derivatives. Although the polar groups on the di(glycyl)imide 
dye are located on opposite ends of the molecule (Fig. l), the dye is amphi- 
philic because the polar ends are separated by a non-polar aromatic hydro- 
carbon region. Molecules such as this, like the water-soluble porphyrins and 
phthalocyanines, can bind to micelles and vesicles as a result of favorable 
electrostatic and van der Waals interactions [lo, 19, 23 - 301. The present 
study investigates the spectral properties of the di(glycyl)imide dye in basic 
aqueous solutions in the absence of micelles or vesicles. It is shown that the 
dye dimerizes, and the monomer-dimer equilibrium and spectral properties 
of both species are described. The physicochemical and photophysical prop- 
erties of dye aggregates are the subjects of considerable theoretical and 
practical interest [31 - 641. 
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Fig. 1. Structural formula of the di(glycyl)imide (dipotassium salt) derivative of 3,4,9,10- 
perylenetetracarboxylic dianhydride. 

2. Experimental details 

2.1. Materials 
Glycine (purity, better than 

tetracarboxylic dianhydride (from 
99%, from Fluka), 3,4,9,10_perylene- 
Aldrich) and rhodamine 6G chloride 
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(rhodamine 590, from Exciton) were used as received. Hexadecyltrimethyl- 
ammonium bromide (from Eastman) was recrystallized from ethyl acetate- 
EtOH (EtOH = ethanol). Water was treated with a Millipore-Milli-Q purifica- 
tion system. All other chemical reagents and solvents were of the highest 
purity commercially available. Elemental analyses were performed by 
Schwarzkopf Microanalytical Laboratory (Woodside, NY). 

The dipotassium salt of the di(glycyl)imide derivative of 3,4,9,10-peryl- 
enetetracarboxylic dianhydride (Fig. 1) was prepared in the following 
manner. 3,4,9,10-Perylenetetracarboxylic dianhydride (0.512 g, 1.31 mmol) 
was suspended in dimethyl sulfoxide (50 ml), and the suspension was heated 
to 100 “C with magnetic stirring in a 250 ml round-bottomed flask. A solu- 
tion of glycine (2.39 g, 31.8 mmol) and 89% KOH (2.01 g, 31.8 mmol) in 
water (25 ml) was added dropwise to the suspension, the flask was fitted 
with a reflux condenser, and the mixture was stirred at 100 “C for 3 h. The 
resultant suspension was cooled to room temperature and the precipitate was 
collected by vacuum filtration, washed two times with 67vol.%(dimethyl 
suIfoxide)-33vol.%HZ0 and three times with methanol, and dried. The yield 
of the dipotassium salt was 0.760 g (100% based on 3,4,9,10-perylenetetra- 
carboxylic dianhydride). The salt was stored in a desiccator because of its 
slightly hygroscopic nature. The diacid form of the dye was obtained by 
suspending the dipotassium salt in hot aqueous 0.5 M HCl solution for 
5 min. The resultant solid was washed three times with water and dried. Ele- 
mental analysis of the dipotassium salt gave the following results. Calculated 
for C2sHi2N20sK2 (molecular weight, 580.60): C, 57.72%; H, 2.08%; N, 
4.81%; K, 13.42%. Found: C, 54.57%; H, 1.83%; N, 4.36%; K, 13.42%. The 
following absorption spectra (A,,, (nm) (E (M-’ cm-‘)) were obtained. In 
HZS04: 558 (42 500), 593 (56 400 ? 4000). In 50vol.%EtOH-FiOvol.%H,O 
(10d3 M NaOH): 491 (46 400), 527 (73 000 + 1000). Elemental analysis of 
the diacid gave the following results. Calculated for C2sH14N20s (molecular 
weight, 506.41): C, 66.40%; H, 2.79%; N, 5.53%. Found: C, 66.42%; H, 
2.90%; N, 5.34%. The following absorption spectra were obtained. In H2S04: 
558 (43 loo), 593 (57 000 f 5000). In 5Ovol.%EtOH-50vol.%H20 (10e3 M 
NaOH): 491 (48 SOO), 527 (76 800 f 1000). 

Although the elemental analysis of the dipotassium salt was not as 
expected, several observations indicate that the product was pure. (1) The 
elemental analysis of the diacid form of the dye, which was obtained from 
the dipotassium salt, was consistent with its formula, and the absorption 
spectra of the two forms of the dye were nearly the same in two solvent 
systems. (2) The synthetic yield of the dipotassium salt was exactly (100% + 
1%) as expected for complete conversion. (3) The absorption spectrum of 
the dipotassium salt in aqueous micellar solutions of hexadecyltrimethyl- 
ammonium bromide was independent of pH in the range 3 (low3 M NaHS04) 
to 11 (10d3 M NaOH), which would not have been the case if the product 
contained either the starting dianhydride or its mono(glycyl)imide derivative 
as impurities. (4) The potassium analysis (atomic absorption) was as 
expected. These results indicate that the dipotassium salt was incompletely 
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combusted during the microanalysis of its carbon, hydrogen and nitrogen 
contents, leading to their lower than expected values. 

2.2. Methods 
Unless otherwise noted, all measurements were carried out at ambient 

temperature (24 ? 1 “C) and the solutions were saturated with air. Solutions 
containing the di(glycyl)imide dye for absorption and fluorescence measure- 
ments were prepared by diluting stock solutions of the dipotassium salt in 
water ((2.5 X 10h4) - (1.3 X lop3 M)) with the appropriate solvent. Absorp- 
tion spectra were recorded on a Cary 219 spectrophotometer using quartz 
cuvettes whose path lengths (in centimeters) were either 9.93 (* O.Ol), 1 .OOO, 
0.200, 0.100 or 0.0105 (+0.0005). All values of E that are reported below 
were based on the value of 76 800 M-i cm-’ at 527 nm in 50vol.%EtOH- 
50vol.%H20 (10h3 M NaOH). Oscillator strengths OS of the visible wave- 
length transition were calculated according to the equation [32,39,65,66] 

OS = 4.32 X 1O-9 j-e(a) dc 

where the integral was obtained from absorption spectra using a planimeter. 
It should be noted that the oscillator strength is sometimes calculated by 
multiplying the above expression for OS by a constant that includes the 
refractive index of the solvent [ 35,66 - 681. 

Corrected fluorescence emission and excitation spectra were obtained 
using an SLM 8000 photon-counting spectrofluorometer. The excitation and 
detection were at right angles to one another using 1.0 cm square quartz 
cuvettes. The excitation and emission bandpasses ranged from 2 to 8 nm, 
depending on the concentration of dye. The spectra were measured in the 
ratio mode using a solution of rhodamine B perchlorate in ethylene glycol 
(5.7 g 1-l) as the quantum counter. The fluorescence quantum yield of the 
di(glycyl)imide dye in 5Ovol.%EtOH-5Ovol.%H,O {10m3 M NaOH) was 
measured using the optically dilute relative method using rhodamine 6G in 
absolute EtOH (cPF = 0.95) as the standard [69]. The yields of solutions of 
the dye in Hz0 (lOA M NaOH) were measured relative to solutions con- 
taining equimolar concentrations of the dye in 5Ovol.%EtOH-50vol.%Hz0 
(lop3 M NaOH). The excitation wavelengths for these measurements were 
472 and 508 nm, and the excitation and emission bandpasses used were the 
same for both the sample and the reference solutions. The quantum yields 
determined for the two excitation wavelengths were averaged. There was no 
evidence of photodecomposition of the dye during these measurements. 
Other details of the instrumentation and quantum yield determinations are 
available in a previous publication [ 221. 

3. Results 

Visible absorption spectra of solutions of the di(glycyl)imide dye in 
Hz0 containing 10s3 M NaOH in the concentration range (8.7 X 10hg) - 
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Fig. 2. Visible absorption spectra of solutions of the di(glycyl)imide dye in Hz0 (10e3 M 
NaOH) (24 “C). Curve 1: concentration, 8.7 x 10Fg M; path length, 9.93 cm. Curve 2: 
concentration, 1.1 X lOA7 M; path length, 9.93 cm. Curve 3: concentration, 8.2 x lOA7 
M; path length, 9.93 cm. Curve 4: concentration, 2.4 x 10s5 M; path length, 1.00 cm. 

(2.4 X lo-‘) M are shown in Fig. 2. Increasing the concentration of dye 
caused the spectrum to change from one with maxima near 495 and 532 nm 
to one with maxima near 500 and 542 nm, with isosbestic points near 472, 
508 and 548 nm. The absorption spectra broadened as the concentration was 
increased above 2.4 X 1W5 M up to 1.3 X 10e3 M, so that the isosbestic 
points were lost. In contrast, the absorption spectrum of the dye in 5Ovol.%- 
EtOH-5Ovol.%H,O containing 10 -3 M NaOH was independent of concentra- 
tion in the range (3 X lo-‘) - (1 X 10e5) M. The fluorescence excitation and 
emission spectra of the dye in the two solvent systems were similar, with the 
band maxima shifted by 5 - 10 nm to higher wavelengths in the purely 
aqueous solvent (Fig. 3). The excitation spectrum of the dye in the EtOH- 
H,O solvent closely resembled its absorption spectrum (not shown). The 
fluorescence quantum yield of the dye in this solvent was 0.96 f 0.04, and 
the spectral properties are summarized in Table 1. These characteristics 
are typical of the diimide derivatives of 3,4,9,10-perylenetetacarboxylic 
dianhydride [ 4 - 6,22 1. 

The spectral changes shown in Fig. 2 indicated that the dye monomer 
and an aggregated form of the dye coexisted in HZ0 (lOA M NaOH). The 
presence of isosbestic points indicated that only the monomer and an n-mer 
were involved. The aggregation of dyes in aqueous media generally involves 
the dimer as an intermediate to higher aggregates. The monomer-dimer 
(M-D) equilibrium is characterized by the equilibrium constant 

IDI 
IC= [Ml2 

(M+M&D) (1) 
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Fig. 3. Normalized fluorescence excitation and emission spectra of solutions of the 
di(glycyl)imide dye (24 “C): - in 50vol.%EtOHJ50vol.%HzO containing 10m3 M 
NaOH; - - -, in Hz0 containing lo-$ M NaOH. 

TABLE 1 

Visible absorption and fluorescence excitation and emission spectral data and fluores- 
cence quantum yields of the di(glycyl)imide derivative of 3,4,9,10-perylenetetracarbox- 
ylic dianhydridea b 

Solventc A bsorp tion Excitation 

Al A2 ex10-4 x1 x2 

Emission 

Xl x2 *‘F 

SOvol.%EtOH- 491 527 7.7 492 528 540 583 0.96 
50vol.%Hz0 0.64 1.00 0.56 1.00 1.00 0.55 

Hz0 496 532 3.4 497 533 547 592 1.14 
(monomer)d 0.64 1.00 0.56 1.00 1.00 0.56 

Hz0 ( dimer)d 500 542 4.2 - - - - < 0.02 
1.00 0.51 

‘Conditions : air-saturated solutions; T = 24 * 1 “C. 
bSpectral characteristics: the X (nm) are the peak positions of the two most intense bands 
whose relative intensities are listed underneath these values. The e (M-l cm-l) is the 
molar extinction coefficient of the most intense absorption band. The spectral resolution 
is +l nm for absorption, +2 nm for excitation and +l nm for emission. The estimated 
uncertainties in the values of E and @F are k 5% in EtOH-Hz0 and +lO% in HzO. 
cAll solutions contained 10e3 M NaOH. 
dThe absorption spectral properties and GF of the monomer and dimer were obtained by 
extrapolation (see text), 

The material balance in the equation 

c = [M] + 2[D] (2) 
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relates the concentration of monomer and dimer to the overall concentration 
c of dye. The fraction 

of dye present as monomer approaches the limiting values of 1 and 0 as c 
decreases and increases respectively. The concentration dependence of 
the spectral changes that are exemplified in Fig. 2 was tested for compliance 
to eqns. (1) - (3) using the graphical approach attributed to Scheibe 
[31,33,35, 371. It follows from the definitions of K, c and fM (eqns. (1) - 
(3)) that a plot of the logarithm of the concentration of dye present as dimer 
((1 - f&c) us. the logarithm of the concentration present as monomer (fi&) 
is linear with a slope of n = 2: 

log(1 - fM)c = log K + log n + n log(fMc) (4) 

In order to use eqn. (4), some knowledge of the spectral properties of 
the pure monomer and dimer species is required. Figure 4 shows a plot of 
the ratio of the extinction coefficient of the dye at 532 nm to that at 508 
nm (~~3~/c~~s) as a function of log c. This ratio was selected because the 
change in c for the conversion of monomer to dimer was maximal near 532 
nm (Fig. 2); division of c 532 by the isosbestic value of csos ((3.53 + 0.15) X 
lo4 M-l cm-i) reduced the effects of uncertainties in the absolute values of 
~532 owing to non-systematic errors in the values of c of the samples. This 
ratio should be related to fiM according to the equation 

4-532 
E-508 

2.4 -__----- 

2.0 

I .6 

0.4t 1 
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lop c (Ml 

Fig. 4. Ratio of t~532 to es08 as a function of the logarithm of concentration of the 
di(glycyl)imide dye in H20 (10S3 M NaOH) (24 “C). The full curve was calculated accord- 
ing to eqns. (4) and (5) with K = 1.03 x lo7 M-l, II = 2.00 and the limiting values of 
e&e508 indicated by the brolren lines. Inset: log-log plot of the data according to eqn. 
(4 ). The slope of the straight line is n = 2.00. 
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(f532/E508hnax - %32k508 

fM = (~532/E508hnax -(e532/e508)min 

where the maximal and minimal dues of e532/e508 are the values for pure 
monomer (fM = 1) and pure dimer (fi,, = 0) respectively. Based on the plot of 
experimental values of e 532/e508 us. log c in Fig. 4 and the expected sigmoidal 
dependence, the limiting values of (e532/e508)max = 2.4 and (es32/es0s)min = 
0.5 were obtained. These values were varied slightly in order to optimize the 
least-squares fit of the experimental points to eqn. (4). The log-log plot 
shown in the inset of Fig. 4 was obtained using 2.38 as the maximal value of 
e532/es08 and 0.51 as the minimal value. Disregarding the three points for the 
highest values of c in this plot, the experimental points fit eqn. (4) with a 
correlation coefficient of 0.9991 and a slope of 2.00. Thus, the data con- 
formed well to the monomer-dimer equilibrium (n = 2) (eqn. (1)) in the 
concentration range c = (8.7 X lo-‘) - (2.4 X 10M5) M. On the basis of the 
least-squares correlation coefficient, the maximal and minimal values of 
e532/es0s could be varied by kO.01 without a significant loss in the quality 
of the fit. The value of the equilibrium constant K, which was determined 
from the slope and the intercept of the log-log plot (eqn. (4)), equaled 
(1.03 f 0.03) X 10’ M-l. The theoretical curve (full line) drawn in the plot 
of e532/e508 us. log c (Fig. 4) fit the experimental points well in the concen- 
tration range c = (8.7 X lo-‘) - (2.4 X 10M5) M, over which the fraction fM of 
dye present as monomer ranged from 0.84 to 0.04. 

The visible absorption spectra of the pure monomer and dimer were 
extrapolated from the experimental spectra by an iterative calculation. The 
two spectra used in this calculation were the ones shown in Fig. 2 with c = 
8.7 X 10dg M (fM = 0.84) and c = 2.4 X IOh M (fM = 0.04). It was assumed 
that the extinction coefficients of these samples at any wavelength were the 
weighted-average values of the extinction coefficients of the pure monomer 
(EM) and dimer (en/Z) at that wavelength: 

In the first iteration, eM was calculated from the spectrum with f~ = 0.84 by 
using the spectrum with fM = 0.04 as an approximation for en/2. This value 
of eM was then used to calculate en/2 from the spectrum with fM = 0.04. 
TWO more itt?ratiOnS were used t0 calculate EM and Enj2. The VdUeS Of EM 
and en/2 obtained from the third iteration were the same as those from the 
second iteration, so these values were assumed to be the correct ones. The 
spectra of the monomer and dimer in H20 (10d3 M NaOH) are shown in 
Fig. 5 and summarized in Table 1. The oscillator strength of the visible tran- 
sition of the monomer was 0.75 f 0.02 and that of the dimer was 0.50 f 
0.01 (per monomer component). 

The fluorescence excitation and emission spectra of the di(glycyl)imide 
dye in Hz0 (10M3 M NaOH) that are shown in Fig, 3 were obtained with a 
dye concentration of 3.5 X lo-’ M. At this concentration, about two-thirds 
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- -) 
forms of the di(glycyl)imide dye in Hz0 (10e3 M NaOH). The extinction coefficient of 
the dimer is per monomer component. The dotted lines show the high wavenumber limits 
of the spectra used in calculating oscillator strengths. The extinction coefficient of the 
monomer may be too high for wavenumbers above 23 000 cm-l owing to baseline uncer- 
tainties_ 

of the dye was present as the dimer. The parallellism between the spectra in 
HZ0 and those in EtOH-HZ0 (Fig. 3) and the similarity between the excita- 
tion spectrum in HZ0 to the extrapolated absorption spectrum of the 
monomer {Fig. 5) indicated that only the dye monomer was fluorescent. 
Excitation and emission spectra obtained at dye concentrations of 10h3 M 
using front-face excitation were also entirely attributable to the monomer, 
although they were distorted by self-absorption effects. The non-fluorescent 
nature of the dimer was further supported by the quantum yield measure- 
ments described below. The band maxima and relative intensities of the 
excitation and emission spectra of the monomer in Hz0 (10e3 M NaOH) are 
summarized in Table 1. 

Evidence for fluorescence from aggregates of the di(glycyl)imide dye 
was obtained using a solution of the dye (2.4 X lOA M) in saturated aqueous 
lithium acetate containing 10 -’ M NaOH, which formed a clear glass when 
frozen with liquid nitrogen (77 K). The visible absorption spectrum of the 
solution at room temperature (24 “C) was broad with maxima near 475 nm 
(E = 20 300 M-’ cm-‘), 505 nm (19 600 M-’ cm-‘) and 560 nm (14 200 M-l 
cm-‘). This spectrum had the three-banded character of the dimer spectrum 
(Fig. 5), but the extinction coefficients (per monomer component) were 
reduced, the bands were red shifted and broadened considerably and the 
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relative intensities of the maxima were shifted in favor of the highest energy 
band near 475 nm. These differences were indicative of the presence of 
aggregates higher than dimers [51,55]. The frozen sample (77 K) had a 
relatively weak emission with a maximum near 685 nm which was absent at 
room temperature. The excitation spectrum for this emission paralleled the 
absorption spectrum obtained at room temperature, so that its identification 
as an emission from the dye aggregate was unambiguous. The emission 
can be tentatively identified as being fluorescence because the energy gap 
between the singlet S1 and triplet T1 states of perylene, and presumably its 
diimide derivatives as well, is about 10 400 cm-’ [67], so that phosphores- 
cence would be expected to occur at a wavelength much longer than 685 nm 
(beyond the range of the instrument used in this experiment). 

The fluorescence quantum yield (I$ of the di(glycyl)imide dye in Hz0 
(low3 M NaOH) was measured for dye concentrations in the range (4.9 X 
10-l’) - (2.8 X 10A6) M. Figure 6 shows a plot of @F as a function of log c. 
This data was analyzed similarly to the absorption spectral data (Fig. 4). The 
inset in Fig. 6 shows the log-log plot according to eqn. (4) that was obtained 
using the limiting values of @‘F of 1.14 (fM = 1) and 0 (fM = 0), where fiM was 
calculated according to the equation 

max _ + 

fM = *@--ax _ qj Lin 17) 
F F 

instead of eqn. (5). The log-log plot of the data was lmear (correlation coef- 
ficient, 0.9995), but the slope of the line was n = 1.68 instead of the value of 

0 _--_____----__l- 
I 1 

-9 -8 -7 -6 -5 -4 

log c (Ml 
Fig. 6. Fluorescence quantum yields as a function of the logarithm of concentration of 
the di(glycyl)imide dye in Hz0 (10e3 M NaOH) (24 “C). The full curve was calculated 
according to eqns. (4) and (7) with K = 1.39 X 105- (non-integer units), n = 1.68 and the 
limiting values of @F indicated by the broken lines. The dash-dotted curve was calculated 
with K = 1.03 X 10’ M-l and n = 2.00. Inset: log-log plot of the data according to eqn. 
(4). The slope of the straight line is n = 1.68. 
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2.00 that was obtained from the absorption spectral data. The value of 
K calculated from the slope and intercept of the log-log plot was 1.39 X 10’ 
(non-integer units). Using this value of K and n = 1.68, the full curve 
shown in the plot of aF VS. log c (Fig. 6) was calculated according to 
eqns. (4) and (7). For comparison, the curve that is calculated with K = 
1.03 X lo7 M-’ and n = 2.00 is also shown in Fig. 6. The values of @F for the 
pure monomer (aFrnax) and pure dimer (QFmin) used in fitting the data to 
eqns. (4) and (7) could be varied by +O.Ol without a significant loss in the 
quality of the fit. The uncertainty in the absolute value of Q’p for the 
monomer was greater than kO.01, however, because it was subject to uncer- 
tainties in the absolute value of (I$ of the dye in the reference solution as 
well as uncertainties in the relative optical densities of the sample and refer- 
ence solutions at 472 and 508 nm. Taking these factors into account, the 
estimated uncertainty in the value of aFmax was about +lO%. Thus, it is 
reasonable to conclude that the fluorescence quantum yield of the monomer 
in Hz0 (10e3 M NaOH) was approximately 1.0 and that of the dimer was less 
than 0.02. 

The effect of added salt (NaCl) on the monomer-dimer equilibrium in 
Hz0 (lop3 M NaOH) was examined in solutions containing 9.4 X 10d8 M of 
the di(glycyl)imide dye. The addition of NaCl favored dimer formation, with 
the fraction fM of dye present as monomer decreasing from 0.52 (no NaCl) 
to 0.12 (4.0 M NaCl), as shown in Fig. 7. The values of fM for NaCl concen- 
trations above 0.1 M, which were calculated from eqn. (5) assuming dimer 
formation only, are approximate values owing to some broadening of the 
absorption bands that is indicative of the formation of higher aggregates 
(see above). 

4 NoCl cont. (M) 

Fig. 7. Fraction of the di(glycyl)imide dye present as monomer as a function of the 
logarithm of NaCl concentration in Hz0 (10d3 M NaOH) (24 “C). The dye concentration 
is 9.4 X 10e8 M. The broken line shows the limiting value of fM obtained in solutions 
without NaCl. The full curve is intended to show the trend of the data and has no theo- 
retical basis. 

4, Discussion 

The visible absorption and fluorescence properties of the di(glycyl)- 
imide dye in basic aqueous ethanol resemble those of other di(alkyl)imide 
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and di(aryl)imide dyes in organic solvents [ 4 - 8,223. In general, these dyes 
exhibit structured absorption and fluorescence spectra with mirror-image 
symmetry and high fluorescence quantum yields. The energy E,, of the 
lowest excited singlet state of the di(gIycyl)imide dye can be estimated as 
2.3 eV from the cross-over point between the excitation and emission 
spectra (Fig. 3). 

The absorption spectra of the di(glycyl)imide dye indicate that the 
monomer and dimer coexist in H,O (lOA M NaOH) with an equilibrium 
constant K = (1.03 + 0.03) X lo7 M-l (24 “C). These is no evidence for higher 
aggregates until greater than 95% of the dye is present as the dimer. In 
contrast, the monomer-dimer equilibria of dyes are often complicated by 
higher aggregates at relatively low degrees of dimerization [ 50, 59, 61,641. 
Representative values of K for some of the more commonly studied dyes are 
collected in Table 2. The range of values spans about seven orders of mag- 
nitude (10’ - lo8 M-r). The value of K for the di(glycyl)imide dye is rela- 
tively large, being of the order of the values typically found for water-soluble 
porphyrins [27,43, 46,49,60,64] and phthalocyanines [34,40]. The dis- 
sociating effect of EtOH and the aggregating effect of NaCl on the dimer of 

TABLE 2 

Equilibrium constants K for the dimerization of some common dyes in aqueous solutions 

Dye Ctx-4 Conditionsa K (M-t) Reference 

Fluorescein 
(xanthene) 

Orange IIb 

(aao) 

Rhodamine B 
(xanthene) 

ThionineC 
(thiamine) 

Acridine orange= 
(acridine) 

3,3’-Diethylthia- 
carbocyanined 
(cyanine) 

Hematoporphyrin 
(porphyrin) 

H2 TSPCb 
(phthalocyanine) 

20 ‘C, 0.01 M KCl, pH 12 (NHaOH) 

25 “C 

20 ‘C, 0.01 M NaOH (pH 12) 

25 “C 

25 “C 

22°C 

25 “C, 0.02 M NaOH 

23 “C 

5 

710 

2100 

4000 

1.05 x 104 

2.9 x 104 

1.7 x 105 

7.6 x 10’ 

[511 

1501 

1521 

1611 

I371 

1361 

[491 

I341 

aThe solvent was HzO, without added salts unless otherwise indicated. 
bSodium salt. 
CHCl salt. 
dp-Toluenesulfonate salt. 
eH2TSPC is metal-free phthalocyaninetetrasulfonate (sodium salt). 
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the di(glycyl)imide dye are generally observed in other dye systems as well 
[32, 37, 41, 42, 45, 46, 48, 

the molecular exciton theory for plane-parallel (sand- 
wich) dimers in the strong interaction limit (see refs. 36, 39,41, 44 and 62 
and references cited therein). Accordingly, interaction between the transi- 
tion dipole moments of the two units in the dimer causes a splitting of the 
S1 excited state of the monomer into two states, one at a higher energy 
(transition dipoles in phase) and the other at a lower energy (out of phase) 
relative to that of the monomer. The appearance of new bands in the absorp- 
tion spectrum of the dimer (Fig. 5) indicates that the strong interaction limit 
is applicable 136, 39, 621. Under this condition, the theory predicts that the 
absorption bands corresponding to the two dimer transitions have a vibronic 
structure similar to that of the monomer [36,62, 631. The spectrum of the 
dimer of the di(glycyl)imide dye (Fig. 5) is consistent with this overall de- 
scription, with the O-O transitions of the upper and lower energy Si states 
being near 20 000 cm-’ and 18450 cm-’ respectively. If the transition 
dipoles of the two dye molecules in the dimer were oriented strictly parallel 
to each other and perpendicular to the intermolecular axis, only the transi- 
tion to the upper state of the dimer would be allowed. The fact that transi- 
tions to both the upper and lower excited states are allowed indicates that 
n/2 > 8 > 0, where 8 is the mean angle between the transition dipoles of the 
dimer units [ 36, 391. The polarization axis of this transition is nearly coinci- 
dent with the molecular long axis of perylene dyes similar to the di(glycyl)- 
imide derivative [70]. The mechanism by which the fluorescence of the 
di(glycyl)imide dye is quenched upon dimerization most likely involves 
either enhancement in the rate of intersystem crossing owing to a shifting 
of the relative energies of the excited singlet and triplet states or enhance- 
ment in the rate of internal conversion to the ground state owing to the 
exciton (dipole-dipole) interaction 136, 39, 53, 57, 621. The dimers of some 
dyes are luminescent, especially at low temperatures [41,47, 53, 55, 561. In 
the case of covalently linked porphyrin dimers, the radiationless processes 
that are responsible for fluorescence quenching appear to require large 
amplitude fluctuations in the dimer conformation [ 531. The emission behav- 
ior of the di(glycyl)imide dye falls into this pattern, since the aggregates are 
fluorescent in frozen lithium acetate glass but not in fluid solution. 

The high value of K for dimerization of the di(glycyl)imide dye made it 
possible to determine the concentration dependence of the fluorescence 
quantum yield in Hz0 (10m3 M NaOH) under optically dilute conditions, 
thus avoiding the necessity for correction factors that are subject to many 



approximations [ 7 11. Also, fluorescence self-quenching can be ignored. 
Although the quantum yield data conformed to eqn. (4), the value of n 
(1.68) was not an integer (Fig. 6). In their analysis of the absorption spectra 
of cyanine dyes, Sheppard and Geddes [33] found non-integral values of n, 
which they attributed to activity factors. The effects of activity coefficients 
cannot account for the results with the di(glycyl)imide dye, however, 
because the discrepancies occurred even when the same experimental condi- 
tions were used for the absorption (n = 2.00) and the quantum yield (n = 
1.68) measurements. One approach to reconciling the discrepancy between 
the absorption and the quantum yield results is to assume that a dimer with 
0 < @r < 1, whose spectral properties resemble those of the monomer, exists 
as a precursor to the spectroscopically distinguishable dimer. For example, 
the precursor could have an “open” structure which is stabilized by hydro- 
gen bonding between the dye molecules, which subsequently closes to the 
plane-parallel (sandwich) conformation. The precursor would have to be 
more stable than the encounter complex between monomers that is usually 
included in kinetic schemes for dimer formation [48, 581. Making the usual 
steady- state approximations, the vaiues of aF would be less than expected 
from the simple dimer model and the apparent order of the dependence of 
@r on concentration would be less than 2, as was observed, if such an inter- 
mediate existed. However, in contrast to the observations, this model 
predicts that the log-log plot according to eqn. (4) should be non-linear, and 
the magnitude of the effect on +* should be significantly less than is 
observed when reasonable values are chosen for the various kinetic param- 
eters. Thus, the source of the discrepancy between the absorption and the 
quantum yield results is not yet apparent. 

5. Conclusions 

The di(glycyl)imide dye (Fig. 1) has a strong tendency to dimerize in 
water. The monomer-dimer equilibrium is well behaved inasmuch as the law 
of mass action (eqn. (1)) is obeyed until at least 95% of the dye is dimerized. 
The non-fluorescent nature of the dimer makes it unlikely that the dye will 
be useful as a photosensitizer in this state. Fortunately, the dimer can be 
dissociated by detergent ‘micelles and lipid bilayer vesicles, so that it should 
be possible to use this dye as a photosensitizer in such media. In fact, the 
large changes in the spectral properties of the dye that accompany dissocia- 
tion of the dimer provide a sensitive probe of dye-micelle and dye-vesicle 
interactions, which are presently being investigated. 
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