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The photophysical properties of squaric acid derivatives bearing two piperidino (SQ-DP) or two indolin-
ylidenemethyl groups (SQ-IN) are determined and compared to the results of ab initio quantum chemical
calculations on smaller model systems. In both cases, a temperature-dependent nonradiative decay process is
observed which quenches the fluorescence. The latter is especially efficient for SQ-DP, because the radiative
transition is forbidden in this case. It is concluded that in both compounds, twisting relaxations are important,
leading to a close approach of ground and excited states. For SQ-IN, this relaxation process is connected
with an increase of the excited-state dipole moment and explains why the nonradiative losses are enhanced
in polar solvents.

Introduction SCHEME 1: Chemical Structures of Some Squaraine

Squaraine derivatives are popular dyes in the visible region Compounds

used for photosensitization in imaging proce$seand in solar \ oo

energy conversiofi®> Their photophysics, however, have only SQ-IN M @ i@
recently started to raise interést® and most of these studies . m |
focus on squaraines bearing anilino donors like SQ-DMA, o

although a large variety of dyes with quite different donors are

available!®~23 Whereas SQ-DMA is known to exhibit quite 1

strong fluorescence!l-1416 nothing has been reported about SQ-DP CNND

the fluorescence properties of the squaraine compound SQ-DP oo

and little is known® about the fluorescence of cyanine-type e0
squaraines like SQ-IN (Scheme 1). On the other hand, there SQ-DMA '
are some reports with respect to the synthesis and absorption Q 7 O Q N

data of these compounds in the literat&ie?® We therefore
undertook some systematic photophysical investigations regard-
ing the luminescence properties of these squaraines. In contrasthe central carbon atoms by a carbonyl group, and the elimina-
to the relatively high fluorescence quantum yields of SQ-DMA, tion of the typical cyaninic all-trans skeleton. Thus, squaraines
the values determined for SQ-IN are clearly reduced, and SQ-like SQ-IN may be viewed as a special class of polymethine-
DP does not show fluorescence at all for room temperature (Cyanine-) like dyes which are nonionic, in contrast to the ionic
conditions. cyanine dyes. This has some interesting consequences such as
In order to understand these differences and in an attempt toincreased solubility in weakly polar solvents, the possibility for
elucidate possible excited state relaxation processes, we meamolecular dipoles, etc.
sured and compared the photophysical properties of these dyes Considering the possible resonance structures of the squaraines,
at various temperatures and tried to correlate them with the the question arises whether the central four-membered ring can
results of ab initio quantum chemical calculations. Only a few pe compared to other ionic cyclobutadiene derivatives. Denor
theoretical studies, most of them based on semiempirical acceptor substituted cyclobutadienes are known from theoretical
methods, have been done until néw?? _ studied®29.30to possess excited state relaxational possibilities
A further interesting question is how the excited-state |gaqing to a sizable energetic approach pad $ or to conical
properties qf squaraineé des “ke,SQ'IN relate to those of the jniersections and thus to the possibility for strong fluorescence
corresponding polymethine (cyanine) dyes. Scheme 2 Shows g ghifts and/or excited-state photochemical fun#fels.

comparison of resonance structures and absorption properties T f rel ) di . in thi
of these two closely related classes of dyes. SQ3 is the shortest | WO types of relaxation coordinates are important in this

prototype dye related to SQ-DP, and the numbéBQn,CYn) case: The in-plane relaxation of the cyclobutadiene skeleton
corresponds to the number of carbon p-atoms involved in the through bond length chandé@s®and twisting relaxations of the
cyanine type subunit of the chromophore. It can be seen thatSubstituents, leading to biradicaloid st&feelated to the well-
the absorption wavelengths of squaraines are approximatelyknown “twisted intramolecular charge transfer” (TICT) stefes®
equivalent to that of the corresponding cyanines. The differences In addition to the photophysical studies we tried to approach
of squaraine and cyanine structure are mainly characterizedthese questions by quantum chemical calculations in view of
through the addition of an oxygen substituent, the bridging of the unavailability of suitable model compounds.
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SCHEME 2: Comparison of the Absorption Propertie®*58 of Squaraine and Cyanine Dyes with Carbon Chains of
Similar Length

]
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SCHEME 3: Chemical Structures of the Squaraine

Experimental Details " 8
P Models Used for ab Initio Calculations

The preparation of both squaraine compounds SQ-IN and SQ-

DP is described in refs 24, 37, and 38. The samples used were SQ3

a gift of Prof. S. Da&ine. The absence of possible traces of gi’
impurities was confirmed by high-performance thin-layer chro- ”\N_C/@ﬁc;N/“
matography. SQ-DP was further checked by mass spectrometry WONT
without an indication of an impurity. The stability with respect s

to thermal and photoinduced decomposition of the squaraines
was also checked. For this purpose, the samples with a given, s pe excluded. Because of the extremely low intensity of

optical density were illuminated under the typical conditions he emission this check could not be performed for SQ-DP.
of fluorescence measurements or were stored in a dark room

temperature environment for 1 or 2 weeks. After this the optical computational Details
densities were determined. Absorption spectra were measured

on a Shimadzu (UV-210A) spectrometer, and quantum-corrected Geometry optimizations were carried out at the restricted
fluorescence and excitation spectra (concentratiod® 4 M) Hartree-Fock (RHF) and open shell restricted Hartréck

were determined on a Perkin-Elmer 650-60 fluorimeter. The (ORHF) levelincluding analytice}l gradient techniques. In order
colorant Basic Blue 3 was used as quantum counter for to reduce the extent of calculational resources used for the ab
determination of the correction curve, enabling to measure N0 study, the model compounds SQ3 and SQ7 have been
corrected emission spectra in the range 3000 nm3° For chosen as prototypes for squaraines with alkyl- and aryl side
correcting the red tail of the spectra beyond 700 nm, the chains (Scheme 3). In both cases, these model compounds
correction curve was further extended by means of the wave- correspond to the smallest subunits of the experimental squaraines

length characteristics of the photomultiplier. Fluorescence COMPrising the essential functional groups. ,
quantum yields were determined relative to an ethanolic solution 0Pl basis sets 3-21G and 6-3#&*were used in the major

of Rhodamin 101 @; = 1.0) and corrected for the refractive P&rt of the calculations. Furthermore, a dogblbass with
index of the solvents. Fluorescence spectra, measured in aerategdditional polarization functions (DZP basfs}’ was applied
solutions, were independent of the excitation wavelength. The IN SOMe cases to verify the results obtained using smaller basis
determination of low-temperature fluorescence quantum yields S€tS- Calculations were carried out with regard to geometry

took into account the temperature dependence of the refractiveCPtimizations, Mulliken population analysi$and calculation
index as well as the solvent contraction (density increase) with ©f quadrupole moments as well as energy levels for the ground
lowering temperature. Fluorescence lifetimes were determined Stat€ @nd several excited states of the two models SQ3 and SQ7

for aerated solutions, using a single photon counting equipmentincluding configuration interaction (CI). _ _
and synchrotron radiation from the Berlin electron storage ring  Sindle-point Clcégalculatlons were performed g,lng a multi-
BESSY as excitation source. The experimental setup is described €ference direct Ct and a conventional MR-SD& method,

in detail elsewher& The decay curves were fitted using the the latter being particularly suited for the investigation of excited

iterative reconvolution procedure (Marquardt algorithm), which States of systems* of low molecular symmetry. _
allowed a time resolution down to 0.1 ns. For SQ-IN, almost ~ USINg & 6-31G* basis set for SQ3, the molecular basis set

all fluorescence decay curves have been determined at least fofONSISts of 128 atomic orbitals. To restrict the number of

two different emission wavelengths. The data sets for a given 9€nerated singly and doubly excited configuration, 15 doubly

solvent were singly as well as globally analyzed, leading to a occupied molecular orbitals were used as a fixed core. For SQ7,
higher reliability of the fitted parametef&:43 The decay times a 3-21G basis set correspor_1d|ng to 124 prlmlt_lve Gaussians and
were treated as linked parameters, and amplitudes and time shiff €0ré of 30 doubly occupied molecular orbitals was chosen.
were fitted as free variables. Comparative measurements with
polarization filters set to the magic angle position were carried
out for SQ-IN. A possible influence of anisotropy effects could (a) SQ-IN. SQ-IN shows weak to sizable fluorescence, which

Experimental Results
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Figure 1. Absorption and fluorescence spectra of SQ-IN in ethanol at SOlvent polarity parametexf at room temperature
room temperature

TABLE 1: Spectral and Photophysical Data for SQ-IN in 404 173 K\
Solvents of Different Polarity at Room Temperature
solvent Af2 AabdNM  Aen/NM b Ti/ns w 30
toluene 0.013 638 650 0.378 1.44 s
1,4-dioxane 0.020 635 646 0.298 1.09 5 20
chloroform 0.148 633 644 0.188 1.00 b
diethyl ether 0.167 628 640 0.219 1.03 ©
ethyl acetate 0.201 631 642 0.185 0.67 104
tetrahydrofuran 0.210 635 646 0.209 0.83
dichloromethane  0.218 633 644 0.134 0.59 0 v e
butyronitrile 0.275 632 644 0.127 051 600 650 700 750
ethanol 0.289 628 638 0.083 037 —— A/nm
acetonitrile 0.305 629 640 0.049 0°16

Figure 3. Temperature effect on the fluorescence spectra of SQ-IN in

methanol 0.308 623 636 0..036 <0.1 ethanol.

aAf = (e — 1)/(2¢ + 1) — (n? — 1)/(2n? + 1). ® Further short-lived . . .
component £0.1 ns) of smaller weight presefitFurther minor TABLE 2: Photophysical Rate Constants for SQ-IN in

component £0.5 ns) present. Selected Solvents at Room Temperature
solvent k/107 s71 Knd/107 572
is the mirror image of the absorption (Figure 1) and exhibits a chloroform 18.8 81.2
very small Stokes shift in accordance with a previous stidy diethyl ether 26.9 95.9
on related derivatives of SQ-IN. The red shoulder can be butyronitrile 24.7 169.8
interpreted as a vibronic band, similar to the blue shoulder in ethanol 27.9 308.2
acetonitrile 30.6 594.3

the absorption spectrum.
The absorption coefficiert(1ma=625 nm) was previously #Mean value of the solvents 25.8's

determined as 4.6 10° L cm~! mol~t in ethanoP* The band o

half-widths of the spectra of SQ-IN are very narrow (around usual description op; and s py.the fluorescence rate constant

600 cntY), comparable to those of typical cyanine d§igghe ke and the sum of all nonradiative rate constaikf$, (egs 1, 2),

fluorescence excitation spectrum closely follows the absorption €xpressions fok; and k' are readily derived (egs 3, 4) and

spectrum, indicating that the fluorescence quantum yield is applied to the data (Figure 2).

independent of the excitation wavelength. Thermal and photo- ks turns out to be approximately solvent independent kit

chemical stability of this dye were tested by monitoring a dilute clearly increases along with solvent polarity. Values for selected

solution in the dark and under the illumination conditions used solvents are collected in Table 2.

to excite the fluorescence spectra and proved to be quite

satisfactory. For example, the thermal stability of SQ-IN in _ ks

EtOH stored in the dark for 1 week was 100%, while b = k + ktnot (1)

illumination of the sample (30 min) led to a small lowering of "

the optical density by 6%. In solvents more polar than

tetrahydrofuran (see Table 1), the fluorescence decay curves 7= _1 2

had to be fitted by a biexponential function, but the relative ki + k:]ort

weight of the second component was rather small. Repeated

measurements indicated that the additional short-lived compo- o

nent is not explainable by the presence of small amounts of ki =— 3)

photochemical or thermal decomposition products. Variation of Tt

the concentration by a factor 25 did not change the values and

relative weights of the decay components. t",‘ = kf(<1>f_1 —1) (4)
The spectral and photophysical parameters as a function of

solvent polarity as measured by the Lippert paramateare Upon cooling the solutions, the fluorescence intensity strongly

collected in Table 1. Both absorption and fluorescence spectraincreases and the spectra show a weak redshift (Figure 3). The
show very small solvent shifts, but the changes of fluorescenceincrease of the quantum vyields is paralleled by lengthened
guantum yields and lifetimes are strong and indicate a solvent- fluorescence lifetimes, and the effect is much stronger in highly
polarity dependent nonradiative decay process. Employing the polar solvents as compared to weakly polar ones (Table 3). At
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In(kn(T)/s) Figure 5. Absorption spectra of SQ-DP in differently polar solvents

at room temperature

21 TABLE 4: Arrhenius Parameters for SQ-IN in Various

20 BUCN Solvents, and the Activation Energies of Solvent Viscosity
u
19 > solvent In@Vs™1) E+/kJ mol—1 E,/kJ mol !
Et,0

18 Et,O 28.6'[27.2] 20.72[16.9] 6.8°
17 BUCN 29.5[28.17 21.12[17.6] 8.8
16 EtOH 29.3[29.7] 19.32[19.9] 16.6°
15 aFrom Figure 4b (5 valuesy.From Figure 4a (4 valuesyHandbook
3 35 4 45 5 55 of Chemistry and Physicg,3rd ed.; CRC Press: Boca Raton, FL,
103K/T 1992-3. ¢ Databook on Viscosity of Liquidéiemisphere Publ. Inc.:

Figure 4. (a) Total nonradiative decay rate constants for SQ-IN in New York, 1989.¢ Pantke, E. R.; Labhart, -Chem. Phys. Letll973
differently polar solvents as a function of temperature, as derived from 23, 479.
fluorescence quantum yields (eq 4). (b) temperature-dependent part of

ke @s derived from fluorescence lifetimes (eq 5). barrier52 The quenching process can therefore be viewed as an

TABLE 3: Low Temperature Fluorescence Quantum Yields adiabatic photoreaction channel leading to a nonemissive
and Lifetimes of SQ-IN in Solvents of Different Polarity excited-state funnel or conical intersecfidfl->3after crossing

TIK ELO* BUCN® EtOH TK EGLO* BuCN® EtOH an activation barrier. , ,
Holvent (b) SQ-DP. The alkylamino-substituted squaraine compound

298  0.22 013 o 350(830 veznlg) 0.77 0.65 0.63 SQ-DP proved to be totally nonfluorescent at room temperature
273 044 025 018 193 079 071 063 inordinary solvents. In contrast to SQ-IN, the long-wavelength
253  0.61 0.39 032 173 081 0.79 0.89 absorption band at 340 nm is broadened (half-width 2700%m
233 0.72 0.58 0.55 and exhibits a sizable negative solvatochromic shift which is

ti/ns asf(solventT) not paralleled by the absorption band at around 270 nm (Figure
298 1.03 0.61 0.37 213 276 2.61 2.24 5). The latter is therefore a separate electronic transition and
273 167 109 069 193 286 287 239  notavibronic band. This can also be concluded from measure-
253 212 159 120 173 288 2.90 2.61 ments of the polarization direction of both transitions by liquid
233 249 2.15 1.68 143 2.93 285 . . . .
crystal induced circular dichroism (LCICE.

® Diethyl ether.” n-Butyronitrile. © Ethanol. At 113 K. The extinction coefficient for the main absorption band was
determined as(Amax=339 nm)= 29 200 L cnt! mol~! in

low temperature, quantum yields and lifetimes converge to a methylcyclohexane.
solvent-independent value. U i 173 K and bel Kl
The nonradiative rates as calculated using eq 4 are shown in pon cooling to and below, a weak fluorescence

Figure 4a, and Figure 4b shows the same data evaluated fronfEONSisting of a normal an(_j a strongly red-shifted pand around
the fluorescence lifetimes by using eq 5. In this case, only the 490 nm could be detected in the nonpolar solvent mixture MCH/

tot IP (methylcyclohexane/isopentane 1:4), but not in ethanol. A

temperature-dependent p&(T) of k, (see eq 6) is recov- . .
: . rough estimate of the fluorescence quantum yield (173¢K:
ered. As can be seen from a comparison of Figure 4, a and b, _ 3% 104 133 K: ¢ ~ 6 x 105 113 K: ¢ ~ 1 x 10-2)

k”r(T). and ke’ are very s!mll_ar, indicating th_at o_ther tempera- indicates its strong increase (facter30) with lowering of the
ture-independent deactivation channklg (like intersystem . . .

. . . . . temperature (Figure 6). In order to be certain about this weak
crossing and internal conversion) are of minor importance at fl ds bv ch h d
higher temperatures uorescence, we tested SQ-DP by chromatography and mass

' spectrometry, without indication of an impurity. A further
purification step (sublimation) also led to the same spectral

— 1 -1
KneT) =7 (1) = Ty ®) results. In view of the fluorescence excitation spectrum (Figure
o 6) which is not identical to but resembles the absorption
k;r = Ky T k() (6) spectrum at room temperature with bands at similar position

we conclude that the absorbing and emitting species is indeed
The activation energie, for the procesk,(T) were calculated ~ SQ-DP, and that the large Stokes shift of the 490 nm band
from the slopes of the Arrhenius plots, Figure 4a,b, and are indicates a relaxation process prior to emission. Its fluorescence
collected in Table 4 together with the activation energy of intensity increases with decreasing temperature indicating a
viscous flow of the pure solvenE,. E, is sizeably larger than  viscosity- or temperature-controlled nonradiative process which
E,. indicating a process connected with an intrinsic activation occurs after the initial relaxation process which causes the
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TABLE 6: Calculation (6-31G*/Direct ClI) of the Transition

3| exc. 133K em. 113K Energies (in eV) and Characteristics Refering to the
Optimized Ground State Energy of SQ3
transition AE¥eV AEP/nm character of transition
£ S—S  Ay— 1By 4.23 293 N m*c
> S—S Ag—1B, 453 274 T—
£ S—S Ag— 1By 5.21 238 n— m*¢
5 S$—S Ag—1Bs 5.44 228 n— z*
? S—S 'A,—'B, 667 185 n—
S() i T1 lAg i 3Blu 2.74 453 a— a*
S—T, Ag—3Byy 420 295 n— z*¢
0 i i i a Referring to the ground state energ(S) = —412.959497 au
2 ; ST L
%0 300 30 400 452 /m:OO 5% 600 P Calculated absorption wavelengtfSymmetry-forbidden transition.

Figure 6. Fluorescence and fluorescence excitation spectra of SQ-DP TABLE 7: Calculation (6-31G*/HF) of the Quadrupole
in MCH/IP (1:4) at low temperature. The excitation and observation pMoment Q for the Ground State and the Optically Allowed

wavelength are indicated by the arrows. Singlet Excited States of SQ3
log{counts) state 1Ag(50) 1lBlu(Sz) 1lBsu(S4) 1lBZU(Sé)
a0 Q/10%6esu 66.2 45.1 37.7 79.6
SQ-DP inMCH/IP SCHEME 4: Planar and Twisted Conformations as

3.0 Possible Excited State Relaxation Pathways of SQ3
20 13K

Pathway (i} 91=0°/9,=0° Dan
1.0 143K Pathway (i) 9+ =0°/92 = 90° Cav

Pathway (iii) 91 =90°/82=90° Dzn

T T i ns
0. 5. 10. 15. 20. 25.

Figure 7. Fluorescence decay traces of SQ-DP in MCH/IP (1:4) at
low temperatures. The excitation profile of BESSY synchrotron
radiation is also shown.

The comparison of these calculations shows that the choice
of basis set has neither influence on the energetic following of
states nor on the character of states. According to the calcula-

TABLE 5: Main Fluorescence Decay Times Determined for tions, the lowest excited state;}j9s of symmetry-forbidden
SQ-DP in MCH/IP2 character, and the first absorption band should correspond to
TIK 143 133 113 77 the § — S transition. The calculated transition energy indeed

wind 1.6 2.4 3.0 4.2 exhibits a satisfactory agreement with the absorption spectrum
a Methylcyclohexane/isopentane (1:8)ec = 320-330 NM em = of SQ3 in KBr and HSO,, which possesses maxima at 293 nm
480 nm. Identical results for 320 and 288 nm excitatié second  (4.23 €V) and 285 nm (4.35 eVj}.
shorter component (relative weight 20%) ranging between 0.5 and An analysis of the wave functions was carried out and the
1.4 ns was also present. state character was classified eitherras 7* or as n— z* as

indicated in Table 6. The analysis of the ground and excited
unusually large Stokes shift«9900 cni') observed in a  state wave functions reveals that the corresponding states are
nonpolar low-temperature solvent. well represented by one single leading configurati®g; (>
This view is confirmed by the fluorescence lifetime results 850). Therefore, the investigation of the electronic distribution
(Figure 7 and Table 5) which are complicated (biexponential by a Mulliken population analysis is justified.

incregsing temperature. . ) (for bothr — 7* or n — z* type of state) from the carbonyl
Using the approximate fluorescence quantum yield given gypunit to the central part of the molecule. Because of its
above for 113 K, we determine a radiative rate conskart inversional symmetry, SQ3 has a vanishing dipole moment. The

3.3 x 10° s™*, indicating that the emission process is strongly ohserved solvent polarity dependence of the absorption wave-
forbidden for SQ-DP, in contrast to the allowed fluorescence |ength is therefore caused by other than dipolar mechanisms.
observed for SQ-INK = 2.6 x 10°). A similarly strong  Apart from direct solute solvent interaction such as aggregate
dlffel'ence IS Observable When the nonl’adlatlve rate Constantsformation’ quadrupole Stabilization effects can be Consid@'ed_

are compared: the value for SQ-DRy(= 150 x 10° s™* in The calculated quadrupole moments are given in Table 7.
MCH at_ll_73 K) is much larger than that for SQ-Ik(= 0.4 The quadrupole moment of the first allowed excited stagp (S
x 10° s™tin EtOH at 173 K). is smaller than that of the ground state, &) > Q(1!By,).

This can explain the observed hypsochromic shift of the long
wavelength band with increasing solvent polarity (Table 1).
(a) SQ3 as model for SQ-DPThe optimization of the ground In the search for a mechanism explaining the occurrence of
state (3-21G/RHF) of SQ3 leads to a symmetric geom@&gy) ( the strong nonradiative deactivation process, which was experi-
with a good agreement between calculated and experimentalmentally observed for SQ-DP, various possible excited state
bond parameters for SQ-I¥?.On the basis of this geometry  relaxation pathways (Scheme 4) were examined for SQ3. For
the energies of various electronic transitions have been deter-the different pathways, the relaxation was restricted to (i) the
mined by 3-21G/MRD-CI calculations and complemented by planar geometry, allowing bond length changes analogous to
(6-31G*/DZP) Direct CI (Table 6). the in-plane relaxation of pustpull cyclobutadienes?-3%-55(ii)

Computational Results
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TABLE 8: CI Calculation (6-31G*/Direct Cl) of the Transition Energies, AE;q¥kJ mol~1, of SQ3 Assuming a Planar
Relaxation Scheme 4(i) (Optimized §Ag), Si(B1g), and S(B1,) Geometries) or a Doubly Twisted SQ3 Conformation Scheme
4(iii) (Optimized S1(B1g Geometry)

) ) doubly twisted
planar relaxation pathway (i) conformer pathway (i)
So(Ag)-optimized S1(B1g)-optimized S,(B1y)-optimized S1(B1g)-optimized
state geometry geometry geometry geometry
S 1Ag 0.0 32.2 33.9 238.5
S1 1By 407.5 359.8 369.4 340.5
S, 1By, 437.2 391.6 380.7 525.1

a Referring to the ground state energif(S;) = —412.959497 au.
a single twisted amino group, and (iii) a doubly twisted rotamer SCHEME 5: Possible Bond Twisted Structures of SQ7
as indicated in Scheme 4.

The geometries in the;@nd $ excited states were optimized Geometry (a) : 04 = 90°
for the planar molecule (3-21G/ ROHF) and taken as basis for
subsequent CI calculations. It was found that bond length alone
result in only small effects on theyS, energy gap (Table 8), Geometry (¢) : s = 907 0, Eomem©
which stays large. Hence pathway (i) cannot be responsible for
the rapid nonemissive deactivation of the excited system but TABLE 9: CI Calculation (3-21G/ MRDCI) of the Ground
probably for part of the large Stokes shift observed. The twisting and Excited State Energies AE?/kJ mol~1, for the Planar
pathways (i) and (iii) of Scheme 4, however, lead to a and Several Conformations of SQ7 with One Twisted Bond
significant approach of Sand S. On the basis of the ground (@ = 9%). for Definition of the Geometries of Types a, b,

. . ) and c (See Scheme 5)
state geometries of both rotamers the transition energies were

Geometry (b) : w2 = 90°

calculated (3-21G/MRD-CI). The following trend was found: single twisted bond

with increasing twisting process the energy of thelB,) state state planar geometry geometry a geometry b geometry c
is lowered, whereas the, State becomes strongly destabilized. g, 0.0 62.3 170.3 54.0

A strongly reduced &S; energy gap of around 15 kJ/ molwas S, 243.9 260.2 202.5 289.1
found for the doubly twisted molecule of conformation (jii). S 260.7 323.0 472.8 318.4
Some reduction of the energy gap was also indicated by the AE(SL— S0) 243.9 197.9 32.2 235.1
calculations on conformation (ii). aEnergy with respect to the ground state of the planar conformer

Additional ab initio calculations on a higher level of accuracy E(S) = —563.153687 au.

(6-31G*/direct Cl) (see Table 8) and with geometry optimization

When comparing the theoretical results of the model com-
of the §(1'B1g) excited molecule, however, lead to a somewhat b g

) - pound SQ7 with those of the experiments, it has to be kept in
larger energy difference ot state. These model calculations,  ing that different experimental molecules can possess a limited

which are.of more qualitati.ve character, lead to the suggestipn rotational freedom, e.g., for SQ-IN, a rotation process of type
pf the excited state relaxation process producing the quenching g excluded, whereas for SQ-DMA exclusively bond twisting
in SQ-DP. of type a can occur. The ab initio calculations reveal further
The comparison af-charge distribution indicates that charge  that symmetrically doubly twisted conformations are strongly
transfer is of minor importance and does not accompany the destabilized for both ground and excited states of SQ7. This
twisting relaxation as it is in the case of TICT compouR#s® finding is in contrast to SQ3 where the energy of the first excited
(b) SQ7 as Model for SQ-IN SQ7 serves as computational state was lowered by a symmetrical double twist.
model compound for the discussion of the photophysical As can be seen from Table 9, geometries a and c are
properties of SQ-IN (Scheme 3). The ground state optimization energetically disfavored, whereas the bond twisting of type b
results for SQ7, conducted with boy, and Cy, symmetry leads to a significant stabilization of the first excited state. In
restriction, show a good agreement with bond length data for the latter case, a very small energy gsiB(So/Sy) results from
SQ-IN37 A geometric structure of,, symmetry (the conforma-  a simultaneous strong destabilization of the ground state. The
tion depicted in Scheme 3) is energetically favored. The dipole moment of the Sexcited geometry b was calculated as
transition energies to the first excited states were calculated (3-6.0 D, while the planar system possesses a vanishing dipole
21G/MRD-CI) on the basis of the optimized ground state moment, due to its inversional symmetry. We tentatively
geometry. In contrast to SQ3, the first excited state was found conclude from these calculations that a possible nonradiative
to be optically allowed, consistent with the large value of the channel with narrow S, gap, probably situated in the
fluorescence rate constaktdetermined for SQ-IN (Table 2).  neighborhood of a conical intersectigtis connected with the
The comparison of a Mulliken population analysis (6-31G*) twisting of the double bond (geometry b) and with the generation
for the ground and the first excited state indicates a shift of of a highly dipolar excited species.
electron density within the polymethine type side chain and a .
decrease in charge density around the carbonyl oxygen. Discussion

A close relationship of squaraines with cyanines has been Many of the experimental findings observed for SQ-DP and
discussed® %81t can therefore be expected that a process similar SQ-IN can be understood with the help of the theoretical results.
to the cis-trans isomerization of the cyanines should also be  (a) SQ-DP. The absorption spectra of SQ-DP can be analyzed
of importance for the squaraine derivatives like SQ-IN. There- by the comparison with the ab initio results for the SQ3 model
fore, qualitative calculations testing the influence of rotational system. An interpretation, where the optically allowed transitions
motion were carried out taking into account different possibilities are assigned to theo@'Ag) — Sy(1'By) and (1'Ag) —
of bond twisting (Scheme 5). S5(1'Byy) fits well with the experimentally observed spectral
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TABLE 10: Solvatochromic Effect Resulting from Different possible due to molecular bridging, does not exhibit this strong
Quadrupole Stabilization fluorescence quenching.
quadrupole moment Further support for the importance of bond-twisting processes
transition relation expected solvent shift for fluorescence quenching processes can be found in studies
1A 1By, Q(A,) > Q(By) blue shift of absorption of squaraines in polymers or jircyclodextrin solution$.” In
A 1By Q(Ag < Q(*Byy) red shift of absorption these studies, a stronger fluorescence was detected when the

molecule was confined close to planarity by specific solvent
features of SQ-DP with allowance for a red shift due to the interaction (hydrogen bonding). Investigations of substituent
alkyl groups in the experimental molecule (Figure 5). The effects (side chain variation) revealed an effective fluorescence
direction of the transition moment has been experimentally quenching for substituents inducing a deviation from planarity.
determined along the long molecular axis of SQ*D#nsistent  The fluorescence enhancement and lifetime lengthening upon

with the calculated long wavelength S S; transition of SQ3.  pinding SQ-IN derivatives to bovine serum albuffican be
The hypsochromic behavior observed for the first absorption ynderstood on the same basis.

band is explainable by the stabilization of the stronger quad-
rupole moment of the ground state as compared to the excitedConclusion
state (Table 7) in a polar molecular environment. For the second

transition (3 — Ss), a slightly bathochromic behavior is
predicted on the basis of the quadrupole moments (Table 10
consistent with the absorption data.

The squaraine derivatives SQ-IN and SQ-DP exhibit strongly
)different photophysical features. This different behavior was also
analyzed by quantum mechanical calculations of more simplified

The extremely low fluorescence intensity found for this model structures. In spite of thg general §imilarity, the.ab initio
system can be understood by the calculated strongly forbidden®Sults show that the squaraines St”ds'(?SG cannot dlrggly be
character of the S— Sy(1!B1g—~1'A) transition. Therefore, compared with pushpull cyclobutaqllene?§ S6or cyanineg®:
nonradiative relaxation processes can efficiently compete with 't was further found that the size of thesystems play a
emission. A possible strong nonradiative relaxation channel is Significant role for the state ordering ofr*) versus (nz*)
suggested on the basis of calculations of Table 8, connectedeXcited states, which determine the photophysical and photo-
with a rotational motion of the amino groups. This model is chemical properties of squaraines. _ _
further supported by the increase of fluorescence intensity at FOr SQ3, the model structure for SQ-DP, the first excited
low temperatures and sufficiently high solvent viscosity. An State is of (n7*) character, a finding which is in a good

estimation of the radiative rate constante 3.3 x 106 s at agreement with the weak, I.argely Stokes shifted emission
113 K confirms the strongly forbidden character of the emission. observed for SQ-DP (resulting fromo S~ S, absorption,
This unusually lowk; value points to an r~ z* (“ketone-like”) subsequent internal conversiop-S S, and § — S emission).

emission. The observed large Stokes shift and a further red shiftBecause of the forbidden character of the-S S radiative
of the fluorescence with increasing temperature is assumed tofransition, a nonradiative return to the ground state can compete
result on one hand from the fact that the longest wavelength eff|C|entI_y. We suggest, based on the_ computatlonal results,_ that
absorption band corresponds tg But the emission is from;S  Pond twisting leads toward a region involving a photochemical
and on the other hand from possible bond relaxation processedunnel (conical intersection), leading to an effective nonemissive
maintaining the planarity of the system. gxuted state deapt|vat|on. The most probable twisting process
(b) SQ-IN. The spectroscopic behavior of SQ-IN, which involves both amino groups.
possesses an intense long-wavelength transition, differs drasti- For SQ7 as model for SQ-IN, the first excited state possesses
cally from that of SQ-DP. The differences are essentially caused (7.77*) character corresponding to an optically allowed transition.
by the expanded size of the-system leading to an energy This is consistent _W|th the relatively strong fluorescence
lowering of x — 7* type transitions. For larget-systems, the obsgrved for SQ-IN in contrast to that of SQ-DP. Never_theless,
n — z* transition is energetically disfavored with respect to @n intramolecular fluorescence quenching process is made
the transitions ofr — z* type, and the oscillator strength is e_V|dent Whlch increases Wlth solvent polarity. Ab initio calcula-
generally increased. The intramolecular fluorescence quenchingtions of different relaxation pathways reveal that single bond
process which was observed for SQ-IN becomes more pro- Wisting leads to a highly polanState connected with a lowered
nounced with increasing solvent polarity. This can be termed a €nergy and strongly decreaseglSs gap. This type of twisting
positive solvatokinetic behavi$r®®®° and suggests that the relaxatl_on_ could account for the experimentally observed
activation barrier for this nonradiative process is lowered in more Nonradiative relaxation.
polar solvents, hence that the transition state is stabilized more ]
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