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Squaraine Photophysics in Polymer Films 
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Absorption and emission spectra of four squaraine dye~-bis[4-(dimethylamino)phenyl]squaraine (H-Sq), bis- 
[4-(dimethylamino)-2-hydroxyphenyl]squaraine (HO-Sq), bis(trihydroxypheny1)squaraine (3HO-Sq), and bis- 
(azuly1)squaraine (Az-Sq)-are reported in dilute films of poly(methylmethacry1ate) and polystyrene. Obtained 
for the first time are the fluorescence lifetimes of these dyes in these polymer films. Fluorescence lifetimes 
in liquid solutions are also reported. These emission kinetics combined with measurements of fluorescence 
quantum yields allow determination of radiative and nonradiative decay rate constants for three of the dyes. 
Comparison of determined radiative rate constants with those calculated from the absorption spectrum is 
consistent with the fluorescence originating from the absorbing species and state. The shortest lived 
fluorescence observed occurs for bis(trihydroxyphenyl)squaraine, and the short lifetime is attributed to either 
a rapid excited-state proton-transfer tautomerization or deprotonation. The SI state of bis(azuly1)squaraine is 
nonfluorescent, presumably due to a rapid nonradiative decay similar to that which occurs in azulene. However, 
"Si' - SO emission is observed for this azulyl-substituted squaraine. 

1. Introduction 

Squaraines (or squarylium dyes; see Figure 1) have been 
investigated for technological applications in xerography, 1-3 

optical re~ording,~ and nonlinear optics.*-12 
In particular, potential nonlinear optical device applications have 
investigated squaraine-doped polymers as candidate 
In addition, a spectral hole-burning study of squaraine dyes in 
several polymers has recently appeared.13 We have also been 
investigating the x(3) values in such systems and have therefore 
been prompted to investigate the photophysics of squaraine- 
doped polymers as reported in this work. 

The molecular structure of squaraine consists of two donor 
moieties (D) connected to a central C4O2 electron-withdrawing 
group (A). Both MNDO and CNDO calculations confirm this 
donor-acceptor-donor (D-A-D) arrangement in squaraine 
dyes.I4 Such calculations suggest that both the ground state 
and the lowest energy excited singlet state of squaraines involve 
significant intramolecular charge transfer (ICT), and thus the 
SO - S1 electronic excitation may be labeled a CT transition. 
This CT process is primarily confined to the central C402 unit.14 
The intramolecular charge-transfer character of this transition, 
combined with an extended conjugated n-electron donor 
network, yields a high molar extinction coefficient in the visible 
region of the spectrum for the ~quaraines.'~ 

It has been suggested that in liquid solutions, solvent-solute 
complexes may form between squaraines and organic solute 
molecules. l5 Thus, multiple emission bands, identified for some 
squaraines in liquid solutions, have been assigned as emission 
from the excited state of a free squaraine, the excited state of a 
solute-solvent complex, and a twisted, relaxed excited state 
of these two forms.15-17 

For an excited-state squaraine, it has been shown that internal 
rotation of the central C4O2 unit promotes excited-state radia- 
tionless decay of some squaraines.15 For example, bis[4- 
(dimethylamino)-2-hydroxyphenyl]squaraine (HO-Sq; see Figure 
1) has a higher fluorescence quantum yield and a longer 
fluorescence lifetime than does bis[4-(dimethylamino)phenyl]- 
squaraine (H-Sq).'* HO-Sq only differs from H-Sq by a 
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hydroxy group attached to each of the phenyl rings of the donor 
moieties (see Figure 1). Thus, since internal rotation of the 
central C4O2 unit in HO-Sq is likely to be more restricted than 
it is in H-Sq due to intramolecular hydrogen bonds between 
the hydroxy groups and the central C4O2 unit, internal rotation 
is implicated in the nonradiative decay.'* Nevertheless, bis- 
(2,4,6-trihydroxyphenyl)squaraine (3HO-Sq), a squaraine with 
three hydroxy groups attached to each donor phenyl ring (see 
Figure l), undergoes rapid nonradiative decay since, as previ- 
ously reported,lg fluorescence quantum yields and lifetimes of 
3HO-Sq are significantly lower than those of either HO-Sq or 
H-Sq. Thus, some nonradiative decay process other than central 
ring rotation must be responsible for deactivation of the excited 
states of 3HO-Sq. 

To elucidate the photophysical behavior of squaraine dyes 
in polymer films, we undertook the present study of H-Sq, 
HO-Sq, 3HO-Sq, and bis(azuly1)squaraine (Az-Sq, a previously 
uninvestigated squaraine). This paper presents spectroscopic 
information obtained for these squaraines in solid polymer films 
and, for comparison, in liquid solution, using steady-state 
spectroscopy and time-resolved fluorescence. Additional com- 
parisons with previous spectroscopic studies of these dyes in 
liquid solutions' 1-23,47 and polymer  solution^'^^^^ are also made. 
This work presents, for the first time, fluorescence lifetimes of 
squaraines measured in polymer films. 

2. Experimental Section 

2.1. Materials. H-Sq, HO-Sq, 3HO-Sq, and Az-Sq were 
prepared by following reported  procedure^.^^ For example, 
HO-Sq was synthesized by condensing one molecule of squaric 
acid (3,4-dihydroxycyclobut-3-ene-1,2-dione) with two mol- 
ecules of 3-(dimethy1amino)phenol. All solvents were spec- 
trophotometric grade. Polymeric thin films incorporating 
different squarylium dyes were prepared by using both high 
molecular weight polystyrene (PS, MW = 250 000, Aldrich) 
and poly(methylmethacry1ate) (PMMA, MW = 30 000, 
Aldrich), the latter having been purified by repeated reprecipi- 
tation and Soxhlet extraction as described earlier.25 Films were 
cast from liquid solutions of the polymers and squaraine dyes, 
using either methylene chloride or ethyl acetate as the dissolving 
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Bis[4-(dimethylamino)phenyl]squaraine Bis[4-(dimethylamino)-2- hydroxyphenyl]squaraine 
(H-Sq) (HO-Sq) 

Bis(azuly1)squmine Bis(2,4,6-trihydroxyhenyl)squaraine 
(3HO-Sq) ( Az-W 

Figure 1. Molecular structures of bis[4-(dimethylamino)phenyl]squaraine (H-Sq), bis[4-(dimethylamino)-2-hydroxyphenyl]squaraine (HO-Sq), bis- 
(trihydroxypheny1)squaraine (3HO-Sq), and bis(azulyl)squar&e (Az-Sq) 

solvent for both polymer and dye. Typical film thicknesses were 
about 0.4 mm. 

2.2. Methods. 2.2.1. Steady-State Absorption and Emission 
Spectroscopy. All experiments were performed at room tem- 
perature. Prior to study, liquid solutions were deaerated by 
bubbling dry nitrogen gas through them, and solid polymer films 
were stored under vacuum at least for 12 h just prior to study. 
Absorption spectra were obtained using a Varian DMS 100s 
W-visible spectrophotometer in a double-beam configuration. 
Steady-state emission spectra were recorded with a spectro- 
fluorimeter (Spex Fluorolog, Model F212). Schott KV non- 
fluorescing filters were used to eliminate scattered excitation 
light. Emission intensities were quantum counter ratioed to the 
excitation beam intensity and corrected for wavelength variation 
of the detector efficiency. All emission spectra were base line 
corrected with blank solvent or host polymer spectra. Fluo- 
rescence quantum yields of liquid solutions were measured by 
the optically dilute relative method,26 using 4-(dicyanomethyl- 
ene)-2-methyl-6-[p-(dimethylamino)styry1]-4H-pyran (DCM in 
dimethyl sulfoxide, & = 0.71)27 as a standard. For squaraines 
in thin polymer films (PMMA and polystyrene), fluorescence 
quantum yields were obtained with a technique developed to 
determine emission quantum yields of powdered  sample^.*^^^^ 

2.2.2. Emission Kinetics. The fluorescence kinetics were 
measured using an excitation pulse from a mode-locked Nd3+: 
glass laser system (second harmonic at 532 nm, -10 ps pulse 
width). The time-resolved fluorescence intensity profile was 
monitored at 90” with respect to excitation through nonfluo- 
rescing filters and a polarizer set at the “magic angle” of 54.7”. 
The fluorescence signal was detected by a streak camera 
(Hamamatsu C979), which had been triggered, with an ap- 
propriate timing delay, by a portion of the fundamental laser 
pulse. A portion of the second harmonic laser pulse was 
directed to the streak camera as a timing marker to arrive shortly 
before the sample fluorescence signal. Streak traces including 
the marker pulse plus the time-resolved fluorescence profile 
were imaged onto a two-dimensional Vidicon detector (512 x 
512 channels, EG&G PARC Model 1216 controller and Model 
1215 processor) for subsequent analysis. Further details of data 
analysis, including the deconvolution technique, have been 
published e l s e ~ h e r e . ~ ~ . ~ ~  

3. Results 
3.1. Steady-State Absorption and Emission Spectra. Fig- 

ure 2 shows the visible-region absorption spectra of H-Sq, HO- 
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Figure 2. Room-temperature absorption spectra, obtained with a 1 
nm bandpass, of (a) squaraines in PMMA, H-Sq (-), HO-Sq (- - -), 
3HO-Sq (- - - -), and Az-Sq (- - - - - -) and (b) squaraines in PS, 
H-Sq (-), HO-Sq (- - -), 3HO-Sq (- - - -), and Az-Sq (- - - - - -). 

Sq, 3HO-Sq, and Az-Sq when doped into polymer films. These 
molecules show similar spectroscopic behavior as they do in 
dilute liquid solution at room temperature. 

Except for Az-Sq, all squarylium dyes in polymer matrices 
exhibit fluorescence in the visible region with detectable 
emission quantum yields. Figure 3 shows the emission spectra 
of squaraines in PMMA and polystyrene matrices. These 
spectra are scaled to their relative fluorescence quantum yields. 

For Az-Sq, although no detectable SI - SO fluorescence was 
observed, it is relatively easy to detect emission from an upper 
singlet state of the molecule after exciting in the UV. This 
emission, superimposed on a UV-visible absorption spectrum 
of Az-Sq in methylene chloride, is shown in Figure 4. 

Table 1 summarizes the steady-state absorption and emission 
spectral results for the squaraines studied, both in polymer films 
and, for comparison, in liquid solutions. Fluorescence quantum 
yields, measured in this work, are also include in Table 1. 

3.2. Emission Kinetics. Typical time-resolved emission 
profiles of HO-Sq in a liquid solution and of H-Sq in PMMA, 



Squaraine Photophysics in Polymer Films 

TABLE 1: Room-Temperature, Steady-State Spectroscopic Results and Fluorescence Kinetics in the Visible Region for Three 
Squaraines 
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squaraine solventn or polymer hostb absorption A- (nm) E (1 mol-' cm-') emission A,, (nm) 4f ti (ns) 
H-Sq PMMA 

PS 
CHzClz 

HO-Sq PMMA 
PS 
CHzClz 

3HO-Sq PMMA 
PS 
CzHsOH 

626 
632 
629 
636 
644 
638 
567 
576 
510 

1.8 x 105 
1.7 x 105 
2.6 105 

3.0 x 105 
1.1 x 105 
1.0 x 105 
1.3 x 105 

1.8 x 105 
1.8 x los 

65 1 
653 
65 1 
662 
660 
659 
626,590 (sh) 
597 
610 

0.57 f 0.15 
0.79 f 0.13 
0.36 f 0.16 
0.68 f 0.12 
0.87 f 0.09 
0.54 f 0.12 
0.0017 f 0.0010 
0.0019 f 0.0009 
0.0020 f 0.0010 

2.62 f 0.64 
5.19 f 0.23 
1.31 f 0.38 
3.08 f 0.71 
5.43 f 0.64 
1.90 f 0.40 
0.013 f 0.001 
0.013 f 0.006 
0.012 f 0.003 

Liquid solvents: CH2C12 = methylene chloride; CZH~OH = ethanol. * Solid polymers: PMMA = poly(methylmethacry1ate); PS = polystyrene. 
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Figure 3. Room-temperature emission spectra (Aex = 532 nm) of (a) 
squaraines in PMMA, 3HO-Sq (-), HO-Sq (---), and H-Sq 
(- - - - - -) and (b) squaraines in PS, 3HO-Sq (-), HO-Sq (- - -), and 
H-Sq (- - - - - -). 
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Figure 4. Absorption (-) and steady-state "S$' - SO emission (- - -, 
A,, = 280 nm) spectra of Az-Sq/CHZClz at room temperature. (''Si' is 
a higher energy singlet state of Az-Sq analogous to the S1 state of 
azulene). 

obtained with a 532 nm excitation pulse, are shown in Figure 
5. All such decay profiles were least-squares fitted with a 
single-exponential function including simultaneous deconvolu- 
tion of the laser excitation pulse. For H-Sq and HO-Sq, the 
fluorescence lifetimes are a few nanoseconds. For 3HO-Sq, 
however, the fluorescence lifetime both in liquid solution and 
in solid polymer blends is much shorter, on the order of 10 ps. 

Time (ns) 
Figure 5. (a) Time-resolved fluorescence profile at room temperature, 
A,, = 532 nm, of HO-SqKH2C12. (b) Time-resolved fluorescence 
profile at room temperature, A,, = 532 nm, of H-Sq in PMMA. The 
dots are the experimental data points. The solid line represents the 
single-exponential least-squares fit. The prepulse signal, as shown, is 
the timing marker for signal averaging. 

For Az-Sq, no emission corresponding to the SI - SO transition 
was detected. The measured lifetimes are given in Table 1. 

4. Discussion 

There have been several previous reports of the electronic 
absorption spectra of H-Sq,15,18,23x32 HO-Sq,15,18,21,23 and 
3HO-Sq.19,20,33 The spectrum of Az-Sq has not been previously 
reported. These squaraines exhibit strong, sharp absorption 
bands i&$e visible region (Figures 2 and 4). Semiempirical 
MNDO and CNDO molecular orbital calculations suggest that 
both the SO and S1 states of these molecules possess significant 
charge separation. l4 In addition, these calculations show that 
charge transfer, essentially confined to the central C4O2 moiety, 
is involved in SO - SI electronic excitation in these systems. 
Thus, the lowest energy absorption band corresponding to this 
transition should not be strongly perturbed by variation of the 
donating groups attached to the C402 ring. However, as shown 
in Figure 2, the wavelength of this absorption band is neverthe- 
less somewhat dependent upon the donor structure. For 
example, the molecular structure of H-Sq differs from that of 
3HO-Sq by a p-dimethylamino substituent on each of the donor 
phenyl rings in place of three symmetrically distributed hydroxy 
groups on each. This substituent difference results in a red shift 
of the maximum of the lowest energy absorption band of H-Sq 
by -60 nm from that of 3HO- Sq (see Figure 2). This effect 
is likely due to the presence of better electron-donating 
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TABLE 2: Radiative and Nonradiative Rate Constants of Squaraines in Liquid Solutions, PMMA, and Polystyrene at Room 
Temperature 

Scott and Tran 

liquid solutions PMMA polystyrene 

squaraine km(x (s-l) k,(x (s-l) k,'"'(x (s-l) kN(x (s-I) k,(x (s-l) kW(x (s-l) kr( x lo+) (s-l) 

H-Sq 4.89 f 2.59" 2.75 f 1.46" 3.48 f 0.30 
HO-Sq 2.42 f 0.74b 2.84 f 0.87b 2.83 f 0.20 
3HO-Sq 792 f 439' 1.59 f 0.88' 2.04 f 0.18 

H-Sq/CH*Cl*. * HO-Sq/CHzClZ. 3HO-Sq/C*HsOH. 

p-dimethylamino groups at favorable positions for enhancing 
charge delocalization over the entire molecule. 

The absorption spectra of the squaraines studied in PMMA 
and PS are quite similar to those obtained in liquid solution 
(see Figure 2 and Table 1). Absorption and emission maxima 
as well as extinction coefficients in liquid solutions are similar 
to previous reports to the extent that similar solvents were 
~ ~ e d . ~ ~ , ~ ~ , ~ ~ , ~ ~ , ~ ~  The large extinction coefficients and narrow 
bandwidths are consistent with the D-A-D CT character of 
the SO - S1 absorption. Extinction coefficients are slightly 
lower for HO-Sq and H-Sq in the polymer hosts than in liquid 
solutions (see Table l), as are radiative rate constants (see Table 
2) .  However, the latter differences are with experimental error. 
Fluorescence excitation line-narrowing spectra and nonpersistent 
hole-burning experiments of a squaraine with a structure closely 
related to HO-Sq in a hydrogen-bonding polymer host at liquid 
helium temperatures were recently reported. l3 These experi- 
ments reveal vibronic structure which is otherwise hidden by 
inhomogeneous broadening in ordinary absorption spectra. l3 

Our spectra indicate that the intermolecular interactions 
amongst the dye molecules, such as those that occur in neat 
thin are absent for these molecules embedded within 
rigid polymer matrices. Furthermore, no significant perturba- 
tions of the dye molecules by the polymer matrices are evident 
from these spectra. By way of contrast, the absorption spectra 
of amorphous neat thin films of the squaraines fail to exhibit 
the characteristic strong, sharp visible absorption band.'s4 
Instead, a very broad, red-shifted absorption is observed over 
the entire visible region. Extensive intermolecular interactions 
resulting from aggregation are likely responsible for the broad 
spectra of the neat thin 

The spectral emission bands of squaraines are also sensitive 
to the molecular structure of the donor substituents. Relatively 
narrow, structureless emission bands were detected for H-Sq 
and HO-Sq, in polymer films as in liquid solution (see Figure 
3 and Table 1). The peak of the HO-Sq emission band exhibits 
a small red shift, -10 nm, compared with that of H-Sq, similar 
to the shift observed for the corresponding absorption spectra. 

Both H-Sq and HO-Sq emit strongly in polymer films as well 
as in liquid solutions at room temperat~re.'~ (Our measured 
quantum yields for these two squaraines in methylene chloride 
are slightly lower than those previously reported,15 but not 
significantly so.) In addition, their emission band positions and 
shapes are quite similar in both liquid solutions and the solid 
matrices (see Table 1). The emission quantum yields, &, of 
H-Sq and HO-Sq are slightly higher in PMMA and polystyrene 
than in liquid solution (see Table 1). 3HO-Sq, on the other 
hand, does not emit strongly in any solution, and its emission 
characteristics are solvent sensitive. 

A previous in~estigation'~ of squaraines in liquid solution 
reported that their emission spectra consist of as many as three 
emission bands, designated as a,P, and y.  These three spectral 
bands of squaraine were assigned, respectively, to emission from 
a Franck-Condon excited-state dye molecule, an excited state 
of the dye complexed with a solvent cage, and a relaxed twisted 
excited (TICT) state of the m01ecule.l~ Three distinct emission 

1.64 f 0.59 2.18 f 0.78 0.40 f 0.07 1.52 f 0.26 
1.04 f 0.30 2.20 f 0.64 0.24 f 0.04 1.60 f 0.25 

751 f 438 1.31 f 0.71 750 f 477 1.44 f 0.91 

bands were not observed in the spectra of these squaraines in 
polymer films at room temperature (see Figure 3). If a TICT 
state were formed as a result of an intemal rotation of the C-C 
linkages between the central C4O2 unit and the phenyl rings, 
its formation should be more favorable in liquid solution than 
in the more rigid polymeric matrices. Perhaps the lack of 
resolved emission bands in the polymers is due to additional 
inhomogeneous broadening in the polymer hosts. Transient 
absorption studies, on the excited singlet states of H-Sq and 
HO-Sq, do not provide evidence to support the existence of the 
multiple forms of excited singlet state squaraines, again perhaps 
because of the broad spectra involved.18 

The time-resolved emission profiles, obtained for H-Sq, HO- 
Sq, and 3HO-Sq in liquid solutions and in solid polymer films, 
were analyzed by fitting the decays with first-order kinetics. 
As presented in Table 1, the lifetimes obtained as the best fit 
parameters to the decay curves are in the nanosecond to 
picosecond range. For liquid solutions, the fluorescence 
lifetimes we obtain are in reasonably good agreement with 
excited-state lifetimes obtained from transient absorption kinet- 
ics.18 As shown in Figure 5, the profiles for H-Sq and HOSq 
are well fitted by single-exponential decay functions. Thus, in 
each case, it is reasonable to assign only one excited singlet 
state of a single species as responsible for the observed emission 
decays. 

The fluorescence quantum yields and fluorescence lifetimes 
are generally higher for squaraines in solid polymeric matrices 
than their corresponding values in liquid solutions, as shown 
in Table 1. The observed fluorescence decay rate constant, k 
= l / q ,  is controlled by k = k, + kIsc + k ~ c .  where k, is the 
radiative rate constant, kIsc is the rate constant for the 
intersystem crossing, and k ~ c  is the rate constant for the internal 
conversion, all for the decay of the S1 state. Both H-Sq and 
HO-Sq are known to have low intersystem crossing efficiencies 
(&SC 0.001),18 so k ~ c  * k,, the total nonradiative decay rate 
constant. Thus, k, = &/q, and k,  = (l-&)/tf. Both k, and k,  
for squaraines in liquid solutions and in polymeric matrices were 
thereby calculated and are presented in Table 2.  Although the 
values of k, are about the same for H-Sq, HO-Sq, and 3HO-Sq, 
the value of k ,  is significantly larger for 3HO-Sq than for the 
other two. (Variation in the values of reported in Table 2 
are within experimental error and should not be considered 
significant .) 

The radiative decay rates of H-Sq, HO-Sq, and 3HO-Sq were 
also calculated by integrating the lowest energy absorption band 
for the liquid solution data using the Strickler-Berg relation- 
ship,34 

k,'"' = (2.880 x 10-9)n2(V~3)Av- i~c  d In V (1) 

in which n is the refractive index, ( P f - 3 ) ~ v  is the mean value of 
the inverse-cubed wavenumber (in cm-l) of the fluorescence 
spectrum, and the integral of E (the molar extinction coefficient) 
is taken over the SO - S1 absorption band. 

Since there is a significant separation between the SO - SI 
and SO - S2 transition bands for these three molecules, the 
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lowest energy absorption band of each spectrum was integrated 
directly without further deconvolution. The resulting values of 
k,""' are included in Table 2. For H-Sq, HO-Sq, and 3HO-Sq, 
as shown in Table 2, the radiative decay rates, k,, obtained from 
k, = q+/f/zf, are in reasonably good agreement with the values of 
kta'. 

For a large number of squaraines, a rapid intramolecular 
twisting of the central C402 moiety has been proposed as a 
mechanism which promotes radiationless excited-state decay.15 
Thus, the nonradiative excited-state decay of squaraines should 
be inhibited by decreasing the rate of this intramolecular 
twisting. Methods to do so include hydrogen bonding between 
the donor moieties and the oxygen atoms on the central ring or 
increased rigidity of the microenvironment surrounding the 
squaraine molecules. 

Thus, the decrease of the nonradiative decay rates of H-Sq 
and HO-Sq in solid polymeric thin films as compared to those 
of liquid solutions which we have observed (see Table 2) may 
be attributed to the more rigid microenvironments provided by 
the polymers. Furthermore, the nonradiative decay rate of 
HO-Sq, as given in Table 2 and previously n ~ t e d , ' ~ , ~ ~  is 
somewhat lower than that of H-Sq in both liquids and polymer 
films. This difference may be attributed to the presence of a 
hydroxy group at the ortho position of each aromatic donor 
moiety in HO-Sq to form intramolecular hydrogen bonds 
between these hydroxy groups and the polar oxygen atoms of 
the central ring. Such hydrogen bonds would be expected to 
hinder the intramolecular twisting, thus lowering the nonradia- 
tive excited-state decay rate of HO-Sq. 

The photophysics of 3HO-Sq is clearly different from that 
of H-Sq or HO-Sq in both liquid solution and solid polymer 
films (see Tables 1 and 2). Recently, Das et al. have reported 
the emission and absorption spectra of 3HO-Sq in methanol/ 
water solutionsz0 both with and without poly(4-vinylpyridine) 
(P4VP), complexed with P-cyclodextrin @-CD) in aqueous 
 solution^,^^ and in a~e toni t r i le .~~  Their results may be sum- 
marized, in part, as follows: (1) only the singly deprotonated 
species 3HO-Sq- emits with a significant quantum yield 
(& L 0.01) in methanouwater so~utions;19~z0 (2) complexing of 
3HO-Sq with ,!?-CDI9 or P4VPzo results in an increase in the 
fluorescence quantum yield up to & - 0.2; and (3) J-type 
aggregates of 3HO-Sq may form in acetonitrile, on the basis 
primarily of evidence provided by absorption spectral changes 
with 3HO-Sq concentration. 

The increase in the fluorescence quantum yield of 3HO-Sq 
in aqueous solutions containing p C D  was attributed by Das et 
al.19 to the formation of a 1:l inclusion complex of the 
3HO-Sq with the p-CD. They argued that encapsulation of the 
3HO-Sq molecules with a p-CD cavity prevents the formation 
of intermolecular hydrogen bonds with the solvent. Thus, a 
more "rigidized" excited-state molecule forms in the p-CD 
complex with intramolecular hydrogen bonds between the ortho 
hydroxy groups and the oxygen atoms of the central ring.19 In 
the case of 3HO-Sq complexes with P4VP in methanovwater 
solutions, these authors argue that intermolecular H-bonds with 
the P4VP polymer also rigidize the 3HO-Sq moiety, increasing 
its fluorescence quantum yield.z0 

In the present work, we find that the fluorescence quantum 
yield of 3HO-Sq at room temperature is quite low (& - 0.002; 
see Table 1) and is virtually unchanged upon going from liquid 
solution (ethanol, an H-bonding solvent) to solid polymer films 
(PMMA and PS). The polymer environments should be quite 
rigid and, at least in the case of PS, non-hydrogen-bonding.I3 
Thus, it seems that neither the rigidity of the 3HO-Sq nor its 
environment is a strong influence on k, (see Table 2). It seems 
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likely to us that the nonradiative deactivation of excited-state 
3HO-Sq is due to a mechanism such as intramolecular proton 
transfer or deprotonation. 

For some organic molecules which have phenolic hydroxyl 
groups adjacent to a carbonyl group such as hydroxybenzo- 
p h e n ~ n e s ~ ~  or hydroxy flavone^,^^ hydrogen bonds to the car- 
bonyl oxygen are established in the ground state. Relatively 
large Stokes shifts and rapid nonradiative decays observed for 
these molecules upon their electronic excitation have been 
attributed to an excited-state intramolecular proton-transfer 
process resulting in t au tomer i~a t ion .~~-~~  

Due to the similarity in the molecular structure of 3HO-Sq 
and those of substituted hydroxyflavones or hydroxychrome~,3~.~~ 
it seems plausible that intramolecular hydrogen bonds may be 
formed in ground-state 3HO-Sq. One possible ground-state 
hydrogen-bonded configuration (I) of 3HO-Sq is shown in 
Figure 6a. The fluorescence lifetimes measured for 3HO-Sq 
in either liquid ethanol solution or solid polymeric thin films 
are all less than 15 ps and considerably shorter than those 
obtained for H-Sq and HO-Sq (see Table 1). The fluorescence 
Stokes shift, defined as the energy difference of the band peaks 
of the absorption and emission spectra in wavenumbers is quite 
variable for 3HO-Sq at room temperature: -3200 cm-' in 
ethanol, -1700 cm-' in PMMA, and only -500 cm-I in PS. 
Conversely, the Stokes shifts for HO-Sq and H-Sq are all only 
a few hundred wavenumbers. Furthermore, the fluorescence 
of 3HO-Sq in PMMA is distinctive, consisting of two bands, a 
peak at 626 nm and a shoulder at -590 nm (see Table 1 and 
Figure 3). 

The low quantum yields, short lifetimes, and environment- 
dependent Stokes shifts suggest that for 3HO-Sq rapid excited- 
state, intramolecular proton transfer or even deprotonation of 
3HO-Sq may promote its radiationless internal conversion. A 
possible tautomerization of 3HO-Sq is shown in Figure 6a. As 
analogous examples, hydroxy benzophenone^^^ and substituted 
benzothiaz~les~~ undergo ultrafast nonradiative excited-state 
decay for similar reasons, resulting in fluorescent lifetimes of 
less than 100 ps.35338940 

In many cases, the excited-state proton-transfer processes are 
highly solvent dependent. The lack of a detectable emission 
from 3HO-Sq in chlorinated hydrocarbon solvents, as previously 
mentioned, may be due to an even more rapid excited-state 
proton transfer. In alcoholic solutions, however, a possible 
ground-state structure (111) of 3HO-Sq as shown in Figure 6b 
may be formed. The intermolecular hydrogen bonds as shown 
in I11 may assist in removing or partially disrupting the 
intramolecular hydrogen bonds as shown in I. The rate of I - 
I1 tautomerization may then be reduced. As a result, the 
nonradiative decay rate of 3HO-Sq may decrease to the extent 
that the emission of 3HO-Sq becomes detectable. This inter- 
pretation is analogous to the one suggested to explain the 
slowing of the excited-state decay rate in alcoholic solutions as 
observed for 2-( 2'-hydroxy-5'-methylphenyl)benzotria~ole~~ and 
3-hydro~yflavone.~~ For 3HO-Sq doped into PMMA or into 
polystyrene, the rigidized matrices at room temperature may 
also assist in reducing the rate of proton transfer in the excited 
state. As a result, emission is also observed for 3HO-Sq in 
PMMA or polystyrene at room temperature. 

For HO-Sq, its structure suggests that an intramolecular 
hydrogen-bonded configuration may also be formed in its 
ground state. However, the Stokes shift, as mentioned above, 
for HO-Sq is relatively small (-500 cm-'), and its fluorescence 
lifetime is significantly longer than that of 3HO-Sq. It is likely 
therefore that the rate of excited-state proton transfer is 
significantly slower for HO-Sq, probably due to a relatively high 
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a. 

Scott and Tran 

b. 

H R- 0, 

(111) 

Figure 6. (a) Possible ground-state (I) and excited-state (II) molecular structures of 3HO-Sq in aprotic solvents. (b) Plausible ground-state structure 
(III) of 3HO-Sq in alcoholic solvent. 
energy barrier for its tautomerization, and does not contribute 
significantly to its excited-state decay. 

Thus, in addition to an intramolecular rotation of the central 
C4O2 unit, it is possible that excited-state proton transfer and 
tautomerization or deprotonation may play an important role 
in the nonradiative deactivation process of 3HO-Sq. However, 
further independent evidence is needed to elucidate the relative 
importance that each nonradiative mechanism contributes to 
deactivation of the excited state of this molecule. 

The report of Das et al.33 that 3HO-Sq forms J-type aggregates 
in acetonitrile deserves some comment. We have confirmed 
that, in this solvent, the absorption spectrum of 3HO-Sq in the 
visible region consists of two bands, centered at 480 and 563 
nm. The higher energy band was assigned in the previous work 
to the absorption of a monomeric species of 3HO-Sq, while 
the lower energy band, observed only at relatively higher 
concentrations of the dye, was assigned to absorption by a 
dimeric J-type aggregate form of 3HO-Sq in a~e toni t r i le .~~  The 
assignment of the lower energy band to a J-type dimer is, in 
our view, open to question. We have determined that the 
intensity of the band at 480 nm in acetonitrile is enhanced by 
water contamination of the acetonitrile, Acetonitrile is a solvent 
which is notoriously difficult to dry. In solvents more easily 
obtained in anhydrous form (e.g., dichloroethane), we found 
that the 480 nm band is absent at all 3HO-Sq concentrations. 
Thus, the 480 nm band could also be assigned to a 3HO-Sq/ 
H20 complex in monomeric form with the 563 nm band due to 
either a J-aggregate or an uncomplexed monomer. The water 
complex would only form at low concentrations, comparable 
to the water impurity level in the acetonitrile, while the other 
band would grow at higher concentrations. 

No room-temperature emission was detected from Az-Sq 
upon electronic excitation to its lowest energy excited singlet 
state. However, as shown in Figure 4, an intense near-UV 
emission was observed from a sample of Az-Sq in liquid 
solution at room temperature upon its excitation into a higher 
energy electronic excited state. Although a technical violation 
of Kasha’s rule$2 this “ S i ’  - SO emission is similar to the 
anomalous SZ - SO emission observed for azulene and other 
substituted az~lenes!~-~~ For Az-Sq, the relatively large “S2” 

- SI energy difference (AHhc - 9000 cm-’) is similar to that 
in azulene,44 making the nonradiative ‘S2)’ -- SI decay 
process slower than in most molecules. Further, emission from 
the SI state of azulene upon direct excitation is not readily 
observed due to a fast nonradiative intersystem crossing process 
to the nearby T1 state.46 A similar situation results for Az-Sq, 
thus accounting for the total absence of SI - SO emission of 
Az-Sq at room temperature. 

5. Conclusions 

From our spectroscopic investigation of several squaraines 
in polymer films at room temperature, it is apparent that their 
photophysical behavior is highly influenced by the molecular 
structure of the electron-donating groups attached to the central 
C402 moiety. A further influence is the chemical and physical 
nature of the surrounding environments. Comparison with 
studies in liquid solutions indicates that the fluorescing states 
and photophysics of squaraines are quite similar to those in the 
polymer films. Amongst the four squaraines studied, HO-Sq 
has been found to have highest fluorescence quantum yield and 
lowest nonradiative decay rate constant. The shortest lived 
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excited SI states belong to 3HO-Sq and, presumably even 
shorter, to Az-Sq. The former decays rapidly due to an excited- 
state proton-transfer tautomerization or deprotonation but still 
exhibits an observable short-lived S1 - So fluorescence. The 
latter exhibits no such observable SI- So emission, presumably 
decaying even more rapidly by intersystem crossing andor 
internal conversion. 
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