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3 
3. A push-pull aromatic chromophore 
with a touch of merocyanine‡ 
 

abstract 
The solvatochromic behavior of N-(2,5-di-tert-butylphenyl)-9-pyrrolidinoperylene-3,4-dicarboximide 

(5PI) was investigated by measuring the excitation and emission spectra over a wide range of temperature 

in 2-methyltetrahydrofuran (MTHF). The temperature induced spectral changes can be compared with the 

changes caused by changing solvent polarity using different solvents at room temperature. In both cases a 

strong positive solvatochromism is observed both in absorption/excitation and in emission. The difference 

between excitation and emission energies decreases with increasing solvent polarity. The behavior of 5PI 

can be rationalized in terms of a change in electronic structure with solvent polarity. Although 5PI has the 

typical molecular structure of a push-pull substituted aromatic system, in which the solvatochromic shift in 

emission is normally larger than that in absorption, in its solvent induced electronic structure change it 

resembles a merocyanine. 

  

 
 
 
 
 
 
 
 
 
 
 
 
‡ Published in part in P. D. Zoon, A. M. Brouwer, Photochem. Photobiol.  2009, 8, 345-353 





A push-pull aromatic chromophore with a touch of merocyanine 

3.1. Introduction 

Solvatochromic dyes have numerous applications as molecular probes in biology and 

material sciences.[1-9] Some dyes feature a large change in their absorption spectra, others 

are particularly solvatochromic in fluorescence. Examples of the first group are Brooker’s 

dye (1, 4-[1-methyl]-4(1H)-pyridinylidene)ethylidene-2,5-cyclohexadien-1-one, scheme 

1)[10] and Reichardt’s dye (2, 2,6-diphenyl-4-(2,4,6-triphenylpyridinium-1-yl)phenolate, 

ET(30)), which has been used to define empirical solvent polarity scales.[11, 12] These 

betaine dyes are characterized by a highly dipolar ground state structure, and a less 

dipolar excited state.[13] Their excited state energies are lower in nonpolar solvents than in 

polar solvents, and the solvatochromism is denoted as “negative”. Positive 

solvatochromism is observed when the excited state dipole moment is larger than the 

ground state dipole moment. This can be found in electron donor-acceptor compounds 

that have a relatively small dipole moment in the ground state. Examples are sigma-

coupled systems, e.g  the “Fluoroprobes” (exemplified by 3)[14] and push-pull aromatic 

molecules such as 1-(N,N-dimethylamino)-4’-cyanostilbene (4),[15] but also donor-

acceptor substituted polyenes such as 5 (MC540) [16] and 6.[10] Positive solvatochromism is 

most pronounced in fluorescence, when solvent relaxation can occur to stabilize the 

excited state and destabilize the Franck-Condon ground state. When the dipole moments 

of the ground and excited states are more or less parallel, positive solvatochromism in 

absorption can occur because the excited state charge distribution interacts more 

favorably with the reaction field induced by the ground state dipole than the ground state 

itself.  
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Scheme 1 Examples of solvatochromic dyes. 
 

 

 
Scheme 2 Illustration of the different classes of “charge-transfer” dyes. In a two-state model, both states are 
described as a mixture of the neutral and zwitterionic configurations. In the scheme, the dominant 
configuration for each state is given. 
 
In between the betaines and push-pull systems one can find so-called merocyanines and 

cyanines (scheme 2). In a simple two-state model, the electronic structure of a 

merocyanine can be described as a linear combination of the configuration functions DAψ  

and 
D A

ψ + − corresponding to neutral and zwitterionic valence bond structures: 

 
 

Ground state:  
1 1

2 2(1 )g DA D A
c cψ ψ + −Ψ = − +   (1a) 

Excited state:  
1 1

2 2(1 )e DA D A
c cψ ψ + −Ψ = − −   (1b) 

 

 60



A push-pull aromatic chromophore with a touch of merocyanine 

For c = 0.5, the contribution of the two configurations to the electronic wavefunction in 

the two electronic states is equal. This situation is known as the “cyanine limit”. In dyes 

for which D = A this occurs as a result of symmetry. Such cyanine dyes are characterized 

by a small geometry difference between the energy minima of the two states, resulting in 

a narrow and intense absorption band.[17] Many cyanine dyes show strong fluorescence, in 

a narrow band with a small Stokes shift. Merocyanines which are close to the cyanine 

limit can also be strongly fluorescent.[16, 18, 19] On both sides of the cyanine limit, however, 

nonradiative decay processes are often predominant channels of excited state 

depopulation, especially in structurally flexible systems.  

The electronic structure of merocyanines can be strongly influenced by structural 

changes and solvent effects. Examples have been described recently of dyes that can be 

moved from the “push-pull” side (c < 0.5) to the cyanine limit (c = 0.5)[20] and across it into 

the betaine region (c > 0.5) by changing the solvent.[19] The solvatochromic behavior of 

merocyanines can be rather complicated, but for the betaines and push-pull systems the 

solvent-induced changes in the electronic structure are relatively small. In these cases, 

the dielectric continuum models[21-23]  developed by Lippert[9] and Mataga[24] can be 

applied to estimate the dipole moments of the ground and excited states. In the 

application of these theoretical models usually only the most important terms are 

retained, that is, those that take the interaction into account of the permanent dipole 

moments of the solute and the dielectric continuum. The expressions that describe the 

solvent induced changes in the absorption and emission energies (Eabs and Eem), relative to 

their vacuum values, are given in equations 2 and 3.[25]  
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The formula for the Stokes shift, the difference between the absorption and emission 

maxima, then becomes (eq. 4): 
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In equations 2-4 gμr  and eμr  are the dipole moments in the ground and excited states, 

respectively, and ρ  is the radius of the cavity (assumed to be spherical) that forms the 

boundary between the molecule and the dielectric continuum. The change in dipole 

moment between the ground state and the excited state can easily be obtained by plotting 

the measured Stokes shift vs. Δf = f(ε)-f(n2). The slope of the curve is then determined by 

the volume of the molecule (V = 4πρ3/3) and 2)( ge μμ rr
− . The molecular volume can be 

estimated on the basis of experimental densities or by means of molecular computation.  

The Onsager solvent polarity functions are given by equations 5 and 6. 

 
)12/()1(2)( +−= εεεf          (5) 

)12/()1(2)( 222 +−= nnnf          (6) 

 

The function f(ε) describes the full dielectric response of the solvent, including effects of 

electronic polarization and molecular reorientation in the field of the solute dipole. The 

difference Δf = f(ε) – f(n2) is a measure of the latter contribution only. 

We have recently studied the solvatochromic behavior of a small set of amino-

substituted aromatic imides (Scheme 3)[26]  of which two showed “normal” behavior, i.e. 

modest positive solvatochromism in absorption and stronger positive solvatochromism in 

fluorescence. From the Stokes shifts, increases of the dipole moment upon excitation of 

ca. 7 D could be estimated for 5NI and 6PI, which is in line with results for other push-

pull systems.[27-31] In contrast, the pyrrolidine substituted peryleneimide 5PI showed 

Stokes shifts that were practically independent of solvent polarity.  

A fundamental drawback of the dielectric continuum model is that it does not account for 

specific solvent-solute interactions. This leads to a large scattering of the points when 

plots of the excitation or emission energy vs. the solvent polarity functions are made by 
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using different solvents. This sometimes makes the interpretation and comparison of 

different solvents with each other complicated. In order to extend our insight into the 

paradoxical behavior of 5PI,[26] we wanted to minimize the systematic errors which might 

have been introduced by specific solute-solvent interactions. In the experiments 

described in the present work we therefore varied the solvent polarity by changing the 

temperature. We used 2-methyltetrahydrofuran (MTHF) as the solvent because its 

dielectric properties are relatively strongly temperature dependent and because it forms a 

clear glass at 137 K, which allows the effect of freezing out of (fast) solvent relaxation to 

be observed. 

 

3.2. Results  

In Figure 1 the absorption and emission spectra of 5PI are shown in three different 

solvents at room temperature. 5PI emits in the red to near-infrared range of the spectrum, 

the maximum shifting strongly to longer wavelengths with increasing solvent polarity. In 

acetonitrile the emission maximum occurs at 740 nm. Also a large red shift is observed in 

the absorption spectra.[26] 

 

 

 
Scheme 3 Structures of the compounds studied. R=2,5-di-tert-butylphenyl, R’=n-hexyl. 
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Figure 1 Absorption and emission spectra of 5PI at room temperature in cyclohexane (CH), 2-
methyltetrahydrofuran (MTHF) and acetonitrile (ACN). 
 
In previous work it was observed that the UV-Vis absorption and fluorescence excitation 

spectra of 5PI are very similar. In the present work, only fluorescence excitation and 

emission spectra were measured. The excitation maximum of 5PI in MTHF shifts to the 

red when the temperature is decreased (see Figure 2). The emission maximum also shifts 

to the red upon cooling, until the glass transition temperature of the solvent is reached, 

but it abruptly shifts to the blue when the temperature is lowered below the Tg. This can 

be seen in Figure 2, but is more dramatically illustrated in Figure 3, which presents the 

emission maxima of 5PI in MTHF as a function of temperature. 
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Figure 2 Normalized excitation (A, B) and emission (C, D) spectra of 5PI in MTHF at different 
temperatures. Upon cooling the liquid solution, the excitation and emission spectra both shift to the red (A, 
C). Upon cooling down below the glass transition temperature, the excitation spectrum continues to shift to 
the red (B). The emission spectrum, however, shifts to the blue (D). Note the different scales: the emission 
spectra are much narrower than the excitation spectra. 
 

 
Figure 3 Emission maxima of 5PI in MTHF at different temperatures. 
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Figure 4 Excitation maximum of 5PI as function of the temperature. 
 

In calculating these, we were limited by the cut-off of the excitation spectra on the red 

edge due to the overlap with the fluorescence, and the emission spectra on the red side 

due to the limited range of detection. This may cause small errors in the numbers, but 

does not affect the trends. Note that apart from the jump in Figure 4, the trend in the 

position of the excitation maxima is the same over the whole temperature range > 137 K 

as in Figure 5A. Interestingly, the excitation energy continues to decrease, also when the 

temperature is lowered below the glass transition temperature of MTHF. 

When we plot the Stokes shift, now defined as the difference between the first 

moment of the excitation spectrum and that of the emission spectrum, versus the 

temperature (Figure 6), we can clearly distinguish two temperature regimes.  
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Figure 5 Average excitation (A) and emission (B) energies of 5PI in MTHF at different temperatures. 
 

 

 
Figure 6 Stokes shift of 5PI in MTHF at various temperatures. 
 
The first ranges from room temperature to the glass transition temperature. In this regime 

the Stokes shift decreases gradually with decreasing temperature. The second regime 

ranges from the glass transition temperature to 77K; here we can see a steep decrease in 

the Stokes shift with decreasing temperature.  

To properly interpret the temperature related changes of the dielectric continuum 

solvation the values of the dielectric constant and the refractive index should be known 

for each temperature at which spectra are measured. Unfortunately, these data are not 

readily available from the literature. For the dielectric constants, we will need to resort to 

extrapolations. The refractive index values at low temperatures are obtained from the 

theoretical dependence on the densities, which in part are obtained by extrapolation.  
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The experimental densities of MTHF[32] depend linearly on the temperature according to 

eqn. 7. 

 

ρ = 1.12 − 9.2 ×10−4 T           (7) 

 

The refractive index can be calculated from its relationship with the density of the 

solvent, as expressed by the Lorentz-Lorenz equation (eq. 8).[33, 34] It is assumed that the 

molecular polarizibility (α) is independent of the temperature. 
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In this equation n is the refractive index of the medium, M the molecular weight, ρ the 

density, NA Avogadro’s number and ε0 the vacuum permittivity. The molecular 

polarizability α of MTHF was calculated from the literature value of the refractive index 

n = 1.406 at 293 K.[35]  

To describe the temperature dependence of the static dielectric constant of a solvent it is 

common practice to fit a series of values at different temperatures with a polynomial:  

 

32)( dTcTbTaTr +++=ε          (9) 

 

In this way values at temperatures for which measured data are not available can be 

interpolated or extrapolated. The dielectric constants of MTHF between 180 and 300 K[32, 

36] are well fitted with a 2nd order polynomial of which the coefficients are:  a = 25.94, b = 

-0.11, c = 1.52 × 10-4.  

 
In Table 1 the refractive indices and the dielectric constants of MTHF are given at the 

temperatures at which the spectroscopic measurements were performed. Values at 

temperatures outside the range 180-300 K were extrapolated according to Equation 9, 

with the coefficients given above. 
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Table 1 Calculated dielectric constants and refractive indices of liquid 2-
methyltetrahydrofuran (MTHF) at various temperatures. 
  

Temperature (K) ε n Δf a 
298 6.24 1.402 0.386 
283 6.63 1.410 0.393 
273 6.92 1.415 0.398 
263 7.22 1.419 0.402 
253 7.55 1.424 0.407 
243 7.91 1.429 0.412 
233 8.30 1.435 0.416 
223 8.72 1.440 0.420 
213 9.19 1.445 0.425 
203 9.70 1.450 0.430 
198 9.97 1.452 0.432 
193 10.43b) 1.454 0.437 
183 10.96 b) 1.459 0.440 
173 11.51 b) 1.464 0.443 
163 12.10 b) 1.469 0.445 
153 12.72 b) 1.475 0.447 
143 13.36 b) 1.480 0.450 

a) Defined as Δf=f(ε) - f(n2)  with f(ε) = 2(ε-1)/(2ε+1) and f(n2) = 2(n2-1)/(2n2+1) 
b) Values at T >193 K are extrapolated from eq. 9, others are literature values.[32, 36] 
 

With the calculated dielectric constants and refractive indices from Table 1 it is possible 

to relate the temperature with the polarity of the solvent. In Figure 7 the values of the 

polarity functions f(ε), f(n2) and f(ε)-f(n2) as function of the temperature are shown. The 

polarity increases with lowering the temperature. 

 

 
Figure 7 The effect of temperature on the solvent polarity functions of liquid MTHF: A, f(ε) at the right 
vertical axis and f(n2) versus the left vertical axis. B) f(ε)-f(n2), as calculated with the data from Table 1. 
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Now that we know the values of the Onsager polarity functions as a function of 

temperature, we can plot the Stokes shifts as a function of f(ε)-f(n2) (Figure 8). Two 

important observations can be made with respect to this plot: first, the points are not 

scattered as much as when the solvent functions are varied via the solvent structure (see 

below, Figure 9) and second, a large negative slope of -8.9 (±0.3)×103 cm-1 is found.  

In the previously reported solvatochromic data of 5PI in a series of solvents[26] we used 

the absorption and emission maxima. In order to make a better comparison between the 

low temperature results and the solvent series results, the average excitation and emission 

energies have been determined for those spectra as well. The results can be found in 

Figure 9. The average absorption and emission energies both decrease with increasing 

solvent polarity. From the results of the traditional absorption-emission maximum 

analysis it could be stated that the Stokes shift is independent of solvent polarity (a slope 

of -3 cm-1 was found in that analysis),[26] but the Stokes shift calculated from the average 

excitation and emission energies clearly shows a decrease with increasing solvent 

polarity, with a negative slope of -1.2 (±0.2)×103 cm-1(Figure 9). 

 

 
Figure 8 Stokes shift of 5PI in (liquid) MTHF (at various temperatures) as a function of the solvent polarity. 
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Figure 9 Stokes shift of 5PI in a series of solvents calculated from the average excitation and emission 
energies. 
 

3.3. Discussion 

Two different regimes can be distinguished when MTHF is cooled down from room 

temperature to 77K: the range above the glass transition temperature (Tg) of 137 K in 

which the solvent is liquid, and a glassy state below 137 K.34, 35 Upon cooling the liquid its 

density is increased and because of that the refractive index and the dielectric constant 

are increased (Figure 10).[37, 38] The thermal motion of the solvent molecules is decreased 

and therefore the dielectric constant will increase and the solvation becomes more 

effective: at lower temperatures the entropic cost of solvation decreases. These two effects 

lead to a stabilization of a dipolar state upon cooling of the solution. For molecules which 

have a larger dipole moment in the excited state than in the ground state ( ge μμ rr
> ) the 

energy gap between the ground state and the excited state will thus be less and a red shift 

is the result. Usually, the red shift of the emission is larger than that of the absorption 

because the full solvent relaxation only affects the former.  

When a solution is cooled down further it will freeze, the solvent molecules will 

become immobile and cannot reorient anymore to stabilize the excited state. 

Consequently, the energy gap between the ground state and the excited state will be 

larger than in the fluid phase. Hence, a blue shift will be observed.  
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Figure 10 Schematic representation of the interactions between solute and solvent in three different 
temperature regimes: room temperature (left), cooled solution (center), glass (right). Figure adapted from 
reference [39]. 
 

The thermochromic fluorescence behavior of 5PI conforms to this picture. It is rather 

similar to that of the dye oxazine-4 (Scheme 3-4, compound 7).[38] During cooling the 

emission spectrum shifts to the red, but after cooling down below the glass transition 

temperature a blue shift of approximately 700 cm-1 is observed. For oxazine-4 this blue 

shift is 400 cm-1, for the donor-bridge-acceptor compounds discussed by Goes et al. 

(analogs of 3) the shift is 4000 cm-1.[37] Solvent relaxation is more important in the case of 

the sigma bridged donor-acceptor compounds because the charges in the excited state are 

more confined than in the push-pull systems like 5PI and oxazine-4: the dipole moment 

difference between the excited state and the ground state is much smaller in the latter. 

Interestingly, the observed blue shift for 5PI is not abrupt, but occurs in a window of 

several tens of degrees. This means that relaxation of the glassy environment to 

accommodate changes in the charge distribution before emission occurs can still take 

place to some extent. The behavior of supercooled organic fluids is a subject of active 

current research.[40-44] Recent rheological studies point to rather complex behavior, in 
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which the time history of the sample plays an important role.[40, 41] This topic is beyond 

the scope of the present study, but we suggest that solvatochromic probes might be used 

fruitfully in this field. 

Interestingly, the excitation spectrum of 5PI continues to shift further to the red below 

120 K. Apparently, solvent reorganization on the long time scales of minutes involved 

here occurs easily. Apparently, the dielectric constant continues to increase upon cooling 

in the glassy state. 

Upon lowering the temperature in addition to the shifts of the position of the bands 

also changes in shape occur. In part these are related with the change in solvent polarity, 

as we have observed in the study of the room temperature solvatochromism of 5PI.[26] 

Another factor is the smaller inhomogeneous broadening at lower temperatures. In 

particular the excitation spectra become narrower upon cooling, and at the lowest 

temperatures vibrational structure is clearly visible. Even under those conditions, 

however, a mirror image relationship between excitation and emission spectra is not 

observed. 

In the glassy state, the Stokes shift decreases quite sharply with temperature because of 

the reduced solvent reorganization around the excited state molecules, which have a 

larger dipole moment than in the ground state, but why is there also a decrease of the 

Stokes shift with temperature in the liquid regime? This conforms qualitatively to the 

observed solvatochromism in the solvent series at room temperature (Figure 9),[26] but it 

cannot be accounted for by the dielectric continuum theory. According to equation 4 the 

Stokes shift should always increase with an increase of f(ε)-f(n2), except if 0)( =− ge μμ rr . 

This is also true if the ground state dipole moment is greater than the excited state dipole 

moment, as is the case in ET(30) or Brooker’s merocyanine 1.[45, 46] When ( 0) =− ge μμ rr  we 

do not expect a solvent polarity dependence of the Stokes shift, but then we also do not 

expect solvatochromic shifts. 

In reference [26] we have argued that the paradoxical solvatochromic behavior of 5PI 

originates from its unusually large solvent induced change in molecular geometry and 

electronic structure. Upon increasing solvent polarity, the ground state dipole moment 
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increases, but the excited state dipole does so much less. As a result, the solvatochromic 

shift in absorption is larger than that in emission, which gives rise to a decreasing Stokes 

shift with increasing solvent polarity. In the original theoretical models, the contributions 

of the molecular polarizabilities of the ground state and the excited state, αg and αe 

respectively, were included,[24] but because they are usually relatively small, they are 

almost always ignored. However, even if ge μμ rr
−  decreases with increasing values of 

f(ε)-f(n2), this will just lead to a nonlinear dependence of the Stokes shift on the solvent 

polarity function, not to a decrease with increasing Δf. 

We proposed that in 5PI increasing solvent polarity induces a change in the molecular 

structure and in the electronic wave function. Both HOMO and LUMO are more 

delocalized in more polar solvents. As a result, their energy gap is decreased. This 

contributes to the solvatochromic shift in absorption. Also in merocyanines changes in 

the shapes of the absorption and emission spectra have been attributed to solvent induced 

changes in the electronic structure.[19, 47] The solvent dependent electronic structure in the 

ground state is reflected by chemical shifts in the NMR spectra.[19] Molecular structure 

calculations have been used to obtain the pattern of bond order or bond length 

alternations, positioning molecules on the scale between DA and D+A-. In polyenic 

systems, the bond length alternation is large in the neutral systems, minimal in the 

cyanine limit, and larger again in the ionic region. For 5PI, the coupling between D, the 

amino group, and A, the imide carbonyl groups, goes via the aromatic rings. In this case, 

in the neutral limit there will be little bond order alternation. In the ionic limit the 

structure will be quinoidal. We calculated the geometries and dipole moments of 5PI at 

the B3LYP/6-31G(d) level with the Polarizable Continuum Model for a range of solvents. 

Results are shown in Figure 11. To obtain a measure of the extent of bond alternation we 

took the average and the standard deviation of the bonds in the shortest coupling path 

between the donor group and a carbonyl group of the acceptor, as shown in Figure 11.  
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Figure 11 Results of PCM/B3LYP/6-31G(d) calculations of 5PI. Media in order of increasing dielectric 
constant: vacuum, argon, cyclohexane, toluene, diethyl ether, chlorobenzene, tetrahydrofuran, 1,2-
dichloroethane, acetone, acetonitrile. A. ground state dipole moments; B. average bond lengths in the 
aromatic rings as indicated in Figure 12, with the standard deviation; C. C-N (filled circles) and C-O open 
squares) bond lengths. 
 

 
Figure 12 Neutral and Zwitterionic resonance forms of 5PI. The dashed bonds in the two aromatic rings 
that form the shortest interaction path between D and A were taken as a measure of bond alternation 
(Figure 11). 
 

It is clear from the data in Figure 11 that the bond lengths in the aromatic rings 

between donor and acceptor are closer to the average aromatic bond length in the gas 
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phase and that they deviate more from the average as a result of increasing bond length 

alternation going to more polar solvents.  

In our previous paper[26] we noted the remarkable difference in the band shape in 

absorption and emission spectra, and the narrowing of the emission spectra of 5PI in 

increasingly polar solvents.  

Related observations have been discussed recently by Ishchenko et al. for a series of 

merocyanine dyes.[19] Depending on the molecular structure and the medium polarity, the 

bandwidths varied substantially. In the case of compound 8 (Scheme 4), the absorption 

spectrum is narrow in all solvents, but the emission broadens in more polar solvents. 

According to the authors, compound 8 is close to the cyanine limit in its ground state, but 

the excited state develops more and more into the Zwitterionic state as the solvent 

polarity is increased. As a result, the difference in bond length alternation between the 

relaxed excited state and the Franck-Condon ground state increases. 

In the case of 5PI, the situation appears to be reversed: in the ground state it is in the 

range between neutral and cyanine limit, but the relaxed excited state is more cyanine-

like. There is a large difference in bond length alternation, and a broad absorption 

spectrum is observed. The geometry of the relaxed excited state is such that it supports 

increased donor-acceptor interaction. Therefore the electronic structure at this geometry 

is more cyanine-like than at the structure of the relaxed ground state. 

 

 
Scheme 4 Molecular structures of compounds discussed in the text. Oxazine-4 (7), merocyanine dye 8 
studied by Ishchenko et al.,[19] DCM (9) and Nile Red (10). 
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According to the theoretical analysis of Painelli and coworkers [48] this is a general 

consequence of the two-state model. They and others [15, 49, 50] have developed an extended 

model in which the electronic states are coupled with vibrational modes: a solvation 

coordinate and an intramolecular relaxation coordinate. With this extended model the 

change in position and shape of the absorption and emission bands with solvent polarity 

could be reproduced fairly well for the polar dyes DCM (9) and Nile Red (10) [51] 

(structures shown in scheme 3-4), as well for DCS (4, scheme 1).[15] As in the case of 5PI, 

in these compounds the absorption spectra are broader than the emission spectra, and a 

narrowing of the emission bands with increasing solvent polarity is observed. The effects, 

however, are much more pronounced in 5PI. The increase in the ground state dipole 

moment of 5PI with increasing solvent polarity from the quantum chemical calculations 

in the present work is larger than that obtained by Boldrini et al. for Nile Red and 

DCM,[48] and by Arzhantsev et al. for DCS. [15] Interestingly, although for these three dyes 

a solvent effect on the band shape is evident, they all show an increase of the Stokes shift 

with solvent polarity. 

Although the two-state model in its extended form captures much of the essential 

features of the spectroscopy of push-pull systems, it is worthwhile to investigate the 

multidimensional potential energy surfaces using quantum chemical calculations. In the 

case of a typical cyanine, such a study revealed that the apparently simple vibrational 

structure in the absorption and emission spectra is not at all due to a single vibrational 

mode.[17] We expect that such calculations can also shed more light on the behavior of 

5PI. 

The unusual solvatochromic behavior of 5PI requires “strong” electron donor and 

acceptor units, and a strong interaction between the two. While our work was in 

progress, a number of papers appeared on perylene monoimides substituted with other 

electron donating groups, namely oligo-pentaphenyl bisfluorenes and oligothiophenes.[52-

57] The behavior of these compounds is markedly different from that of the amino-

substituted compounds we have studied. The oligothiophenes are stronger electron 

donating groups than the pyrrolidine group in 5PI, but in the perylene imide derivatives 
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with these donor groups the solvatochromic shift in absorption is much smaller than in 

5PI. Moreover, in more polar solvents non-emissive charge transfer states are formed in 

dynamical processes on the picosecond time scale. Because the oligothiophene donors 

have a HOMO that is delocalized over the donor group, the mixing with the orbitals of 

the imide is much smaller than in the case of 5PI, in which the electron donor is confined 

to the nitrogen lone pair orbital. 

The solvatochromic behavior of 5PI can be characterized as that of a push-pull 

aromatic system but tending strongly to merocyanine-like behavior. In contrast to most 

merocyanines, 5PI fluoresces strongly in all solvents, because the deactivation 

mechanisms by twisting bonds do not play a role. 

The combination of donor-acceptor strengths and interaction strengths required for 

the unusual behavior of 5PI could occur in other molecules as well, but it is difficult to 

search the literature for such cases, because the required experimental data are not 

indexed, often not reported, and sometimes even overlooked by the authors. For example, 

the Nile Red analogue introduced by Cohen et al.[58] shows a decreasing Stokes shift and 

narrowing of the emission spectra in increasingly polar solvents. Also in the earlier 

literature on Nile Red, it is treated as a conventional push-pull system.[59] 

 

3.4. Conclusion  

The solvatochromic behavior of 5PI was investigated using temperature change as a 

means to vary solvent polarity. Because specific interactions do not change much with 

temperature the scatter of the data points in the plot of the Stokes shift vs. f(ε)-f(n2) is 

much less than in experiments in which different solvents are used. The Stokes shift plot 

shows two distinct regions, both with a negative slope. Below the Tg there is a much 

steeper slope than in the liquid phase. This is due to the fact that below the Tg the 

emission spectrum abruptly shifts to the blue with decreasing temperature, while the 

excitation spectrum continues to shift to the red. 
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The fact that cooling down below the glass transition temperature results in a blue shift of 

the emission indicates that the mobility of the solvent plays a role in the stabilization of 

the excited state. From this we can conclude that, despite the paradoxical solvatochromic 

shifts, the excited state of 5PI is more polar than the ground state. At the lowest 

temperatures in liquid MTHF (that is, highest solvent polarities) the difference in dipole 

moments between the ground state and the excited state of 5PI, however, cannot be very 

large, as indicated by the moderate blue shift of the emission spectrum upon cooling 

down below the Tg. This agrees with the computational results which show that the 

dipole moment in the ground state can become rather large. According to the coupled 

states model, the excited state dipole moment should decrease as much as the ground state 

dipole moment increases in response to a solvent polarity change, although explicit 

quantum chemical calculations do not completely agree with this.[15]  We hope that 

extensive calculations of the charge distributions and potential energy surfaces of the 

ground and excited states will clarify the details of the solvent dependent photophysics of 

5PI, in particular its unusual solvatochromic behavior and dramatic solvent effects on the 

band shapes. 

Although other push-pull fluorophores have been identified which show similar 

features, 5PI is unique in the extent to which its molecular geometric and electronic 

structure responds to solvent polarity. 5PI maintains a high fluorescence quantum yield 

in all solvents,[26] making it a potentially interesting fluorescent probe in the near-infrared 

region.  
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3.6. Experimental Details 

Spectroscopic grade 2-methyltetrahydrofuran (Aldrich) was used straight from the bottle 

within one week of delivery. For later measurements it was distilled from sodium wire. 

All temperature dependent measurements were carried out in a nitrogen cooled optical 
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cryostat (DN1704, Oxford Instruments) with feedback controller unit (ITC4, Oxford 

Instruments). The fluorescence spectra were collected on a Spex Fluorolog 3. The sample 

concentrations were 10-5-10-6 M.  

Quantum chemical calculations were performed with Gaussian03,[60] using the default 

PCM model.[61] 
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