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Abstract: Five centrosymmetric and one dipolar pyrrolo[3,2-

b]pyrroles, possessing either two or one strongly electron-

withdrawing nitro group have been synthesized in a straight-

forward manner from simple building blocks. For the sym-

metric compounds, the nitroaryl groups induced spontane-

ous breaking of inversion symmetry in the excited state,

thereby leading to large solvatofluorochromism. To study

the origin of this effect, the series employed peripheral

structural motifs that control the degree of conjugation via

altering of dihedral angle between the 4-nitrophenyl moiety

and the electron-rich core. We observed that for compounds

with a larger dihedral angle, the fluorescence quantum yield

decreased quickly when exposed to even moderately polar

solvents. Reducing the dihedral angle (i.e. , placing the nitro-

benzene moiety in the same plane as the rest of the mole-

cule) moderated the dependence on solvent polarity so that

the dye exhibited significant emission, even in THF. To inves-

tigate at what stage the symmetry breaking occurs, we mea-

sured two-photon absorption (2PA) spectra and 2PA cross-

sections (s2PA) for all six compounds. The 2PA transition pro-

file of the dipolar pyrrolo[3,2-b]pyrrole, followed the corre-

sponding one-photon absorption (1PA) spectrum, which

provided an estimate of the change of the permanent elec-

tric dipole upon transition, &18 D. The nominally symmetric

compounds displayed an allowed 2PA transition in the

wavelength range of 700–900 nm. The expansion via a triple

bond resulted in the largest peak value, s2PA=770 GM,

whereas altering the dihedral angle had no effect other than

reducing the peak value two- or even three-fold. In the S0!

S1 transition region, the symmetric structures also showed

a partial overlap between 2PA and 1PA transitions in the

long-wavelength wing of the band, from which a tentative,

relatively small dipole moment change, 2–7 D, was deduced,

thus suggesting that some small symmetry breaking may be

possible in the ground state, even before major symmetry

breaking occurs in the excited state.

Introduction

Various two-photon absorbing organic chromophores have

been developed over the last few decades.[1] Rationally de-

signed two-photon absorbing materials are widely used in

multiphoton microscopy,[2] localized release of bio-active spe-

cies,[3] optical power limiting,[4] 3D data storage[5] and 3D mi-

crofabrication.[6] Among various scaffolds, quadrupolar archi-

tectures[7, 8] are often preferred as they exhibit larger two-

photon absorption cross-sections than dipolar ones[9] and at
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the same time they possess smaller size than octupolar chro-

mophores.[10] These quadrupolar, centrosymmetric molecules

often do not display either solvatochromism or solvatofluoro-

chromism. Notable exceptions have been pointed out by Ter-

enziani and co-workers[11] and recently this phenomenon, i.e. ,

symmetry breaking in the excited state has been intensively

studied in various laboratories.[12] In this context, symmetry

breaking in quadrupolar, centrosymmetric pyrrolo[3,2-b]pyr-

roles became the focus of our interest,[13] especially after we

have discovered that the 2,5-bis(4-nitrophenyl)-1,4-bis(4-octyl-

phenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole (5, see Scheme 1) dis-

played very strong solvatofluorochromism. Its emission in cy-

clohexane was extremely strong while emission in moderately

polar solvents such as CH2Cl2 or THF was bathochromically

shifted by 100 nm, with a fluorescence quantum yield (Ffl)<

0.03.[14]

This interesting discovery prompted us to perform an in-

depth investigation of the influence of size of the p-system

and the degree of conjugation (by changing the dihedral

angle between heterocyclic core and nitrobenzene subunit) on

the linear and non-linear optical properties of pyrrolo[3,2-

b]pyrroles possessing 4-nitrophenyl substituents.

Until recently, strongly coupled dyes linked by double or

triple bonds were prevailing in the literature;[15] however,

weakly coupled chromophores containing biaryl linkages have

drawn greater attention in last decade.[16] The critical advant-

age of the pyrrolo[3,2-b]pyrrole core in this regard is that it is

the most electron-rich heterocycle among aromatic two-ring

systems, in principle offering access to reasonable values of

two-photon absorption cross-sections without the need to

strongly couple the chromophores. Consequently, through

modulation of the planarization and polarization, such dyes

can at the same time respond to changes in the viscosity and

possess strong two-photon response.

Aiming to better understand the relation between solvato-

fluorochromism and conformational motions (or lack thereof),

we thus conceived a series of structures based on dye 5 as

a core, where various moieties were chemically threaded or

linked in different modes. Our aim was to impose various de-

grees of constraint to impede the symmetry breaking of the

molecule in the excited state, thereby modulating photolumi-

nescence.

Results and Discussion

Design and synthesis

Prior research on tetraaryl-pyrrolo[3,2-b]pyrroles[13,14,17–20] has

indicated that derivatives containing nitrophenyl substituents

display especially pronounced solvatofluorochromism effects.

Therefore we decided to focus exclusively on compounds pos-

sessing this strongly electron-withdrawing group. Maintaining

pyrrolo[3,2-b]pyrrole as the central electron-rich unit and the

4-nitrophenyl group as the key moiety, we resolved to modu-

late the dihedral angle between these subunits by fusion of

the rings or by adding substituents. 4-n-Octylaniline has been

used to prepare all final products to ensure suitable solubility

in organic solvents, so that the full set of spectroscopic analy-

ses could be obtained. Foremost, however, we resolved to

expand the p-system through insertion of two additional aryle-

thynyl units between the core and the 4-nitrophenyl substitu-

ents. The synthesis of the required tetraaryl-pyrrolo[3,2-b]pyr-

role 6 was conducted by following an established procedure

(Scheme 1).[17–19]

Subsequently, the smooth cleavage of the TMS group fol-

lowed by Sonogashira reaction with 1-nitro-4-iodobenzene

was performed, and compound 8 was obtained with satisfying

yield of 74% (Scheme 2).

In the context of the present study, it was of interest to con-

trast centrosymmetric pyrrolo[3,2-b]pyrroles with the behavior

of a dipolar analog possessing only one nitro group. The

strong interaction between the electron-donating and elec-
Scheme 1. Synthesis of compounds 5 and 6.

Scheme 2. Synthesis of compound 8.
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tron-withdrawing groups located at the ends of the pyrro-

lo[3,2-b]pyrrole has already been examined.[20] The synthesis of

such nonsymmetric pyrrolo[3,2-b]pyrroles requires the pres-

ence of two different aldehydes in the initial condensation.

The mixed-condensation using 4-bromobenzaldehyde and 4-

nitrobenzaldehyde afforded dye 10, containing one bromo

functionality, in 16% yield. Subsequently, dye 10 was used in

the Buchwald–Hartwig amination under the previously report-

ed conditions[21] to give dipolar dye 12 (Scheme 3).

The dihedral angles between the phenyl groups located at

positions 2 and 5 and the core of the molecule were about

35 degrees (see also modeling studies below)[14] which enabled

electronic communication, but interaction of peripheral elec-

tron-accepting moieties with the electron-rich core would be

stronger if both moieties were located within the same plane.

To achieve this goal, we fused the benzene rings located at po-

sitions 2 and 5 with the core at positions 3 and 6. Aldehyde

13, prepared as previously reported,[22] was subsequently trans-

formed into pyrrolo[3,2-b]pyrrole 14, containing two bromine

atoms that enabled us to perform Suzuki coupling leading to

dye 15 (Scheme 4).

In the final step, an oxidative aromatic coupling was per-

formed under previously described conditions[23] (FeCl3,

MeNO2, CH2Cl2) which led to the formation of compound 16

with a yield of 69% (Scheme 4).

Direct arylation is a particularly promising method of synthe-

sizing functional dyes possessing biaryl linkages.[24] We have

previously shown that this reaction is appropriate for pyrro-

lo[3,2-b]pyrroles,[19] if conditions developed by Doucet and co-

workers are applied.[25] The arylation of model dye 5 with aryl

bromides 17 and 18 possessing various electron-withdrawing

groups was carried out (Scheme 5). The reactions proceeded

with satisfying yield of 70% leading to hexaaryl-pyrrolo[3,2-

b]pyrroles 19 and 20.

Linear absorption and emission properties

Figure 1 shows the absorption and fluorescence emission spec-

tra of 8, 12 and 16 in cyclohexane. The absorption maxima

corresponded with of S0!S1 transition occurs in the 400–

500 nm range, whereas the fluorescence peak is shifted to

longer wavelengths. Table 1 and Figures 2–4 summarize the

linear absorption peak wavelengths, extinction coefficients,

Scheme 3. Synthesis of compound 12.

Scheme 4. Synthesis of compound 16.
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and emission peak wavelengths of all six compounds obtained

in a series of solvents of increasing polarity (cyclohexane, tolu-

ene, dichloromethane, THF and acetonitrile). When comparing

the optical properties of dye 8 to model compound 5, the first

surprising observation was the lack of a bathochromic shift of

absorption (Table 1). We expected such a shift because in the

previous study involving pyrrolo[3,2-b]pyrroles possessing

carbon–carbon triple bonds[18] the comparison of two com-

pounds possessing CN groups revealed that two arylethynyl

units contributed to an about 20 nm shift of absorption in

CH2Cl2. The emission for compound 8 was, however, batho-

chromically shifted in cyclohexane from 496 nm to 515 nm,

and an even larger shift was observed in toluene. The hetero-

cycle 8 differed from its previously studied, non-expanded

analog 5 by having a lower fluorescence quantum yield (Ffl) –

in cyclohexane (25% vs. 96%).

When compared to its analog possessing two 4-cyanophe-

nylethynyl substituents[18] or 4-formylphenylethynyl substitu-

Scheme 5. Synthesis of compounds 19 and 20.

Figure 1. Absorption (solid) and emission (dotted) spectra of compounds 8

(blue), 12 (green), 16 (red) in cyclohexane.

Table 1. Optical properties of dyes 5, 8, 12, 15, 16, 19 and 20.

Compd Solvent labs [nm] e [M@1 cm@1] lem [nm] DS [cm@1] Ffl

5[a] C6H12 447, 469 48000 496, 525 1200 0.96

Toluene 465 42000 552, 569 3400 0.70

THF 471 44000 610 4800 0.03

CH2Cl2 477 41000 nd nd nd

CH3CN 467 40000 nd nd nd

8 C6H12 449 59400 515 3700 0.25

Toluene 453 49600 585 5000 0.03

THF 450 53900 nd nd 0.00

CH2Cl2 451 50500 nd nd nd

CH3CN 440 46500 nd nd nd

12 C6H12 461 31300 nd nd nd

Toluene 473 27200 nd nd nd

THF 477 27300 nd nd nd

CH2Cl2 480 24700 nd nd nd

CH3CN 468 25300 nd nd nd

15 C6H12 449 26400 512 2700 0.59

Toluene 461 26700 566 4000 0.07

THF 466 25400 nd nd nd

CH2Cl2 472 24400 nd nd nd

CH3CN 462 23900 nd nd nd

16 C6H12 473 52300 484 500 0.80

Toluene 480 49800 518 1500 0.72

THF 477 50400 547 2700 0.54

CH2Cl2 483 49200 636 5000 0.06

CH3CN 479 13000 661 5200 0.01

19 C6H12 432 32900 476 2100 0.7

Toluene 444 24000 534 3800 0.25

THF 449 27100 600 5600 0.01

CH2Cl2 460 26600 nd nd 0.00

CH3CN 450 24600 nd nd nd

20 C6H12 433 31000 476, 503 2100 0.32

Toluene 443 27300 535 3900 0.13

THF 447 26800 nd nd nd

CH2Cl2 459 26900 nd nd nd

CH3CN 448 24300 nd nd nd

[a] Data taken from ref. [10] .

Figure 2. Absorption (solid) and emission (dotted) spectra of compound 8.

Blue—cyclohexane, green—toluene, orange—dichloromethane, pink—THF,

maroon—acetonitrile.
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ents, the absorption of dye 8 was shifted bathochromically, as

expected, as a result of the presence of stronger electron-with-

drawing groups. The emission could not be directly compared

as the fluorescence of dye 8 was undetectable in CH2Cl2.

The dye 12 differs from the previously studied dipolar pyrro-

lo[3,2-b]pyrrole by having an NO2 end group instead of the CN

group,[20] and this increased electron-withdrawing strength is

manifested as the largest bathochromic shift, varying from

62 nm to 82 nm. Unfortunately, compound 12 did not exhibit

fluorescence in any of the tested solvents.

Pyrrolo[3,2-b]pyrrole 15, due to the presence of two sterical-

ly encumbering phenyl substituents, should have the largest

dihedral angle between the heterocyclic core and the 4-nitro-

phenyl units. Absorption of this compound was, however, not

shifted hypsochromically versus that of dye 5 (Table 1). Even its

emission in cyclohexane was bathochromically shifted (from

496 nm to 512 nm). This effect clearly indicated that the addi-

tional benzene rings contributed to the p-expansion of the

conjugated system and that in the excited state the geometry

was significantly more planar. Fluorescence quantum yields

were observed in solvents of low polarity only, that is cyclohex-

ane (0.59) and toluene (0.07), whereas in solvents of higher po-

larity (THF, CH2Cl2 and acetonitrile), fluorescence was below

our detection limit.

According to our expectations, fusion of the system, i.e. ,

15!16, led to a very significant shift of absorption from

449 nm to 473 nm in cyclohexane. At the same time, emission

in non-polar solvents was shifted hypsochromically. This effect

had previously been observed for the analogous pyrrolo[3,2-

b]pyrroles series. It was attributed to the disrupted conjugation

of the N-aryl substituents after fusion at positions 3 and 6, as

supported by an X-ray structures revealing that the dihedral

angle was close to 908.[23] In terms of solvatofluorochromism,

compound 16 shared some common features with model

compound 5. It possessed a very high fluorescence quantum

yield in cyclohexane, which decreased rapidly in the presence

of polar solvents. The key difference is that the decrease in

fluorescence quantum yield of compound 16 was slower and

that fluorescence, regardless of the solvent, was hypsochromi-

cally shifted versus compound 5 (Table 1).

The comparison of the hexaaryl-pyrrolo[3,2-b]pyrroles 19

and 20 with model dye 5 revealed that they possess slightly

hypsochromically shifted absorption (&20 nm in toluene) and

emission (&20 nm in cyclohexane, &5 nm in toluene). Again,

the higher dihedral angle in hexaaryl-pyrrolo[3,2-b]pyrroles was

responsible for this effect. In the case of dye 19 possessing

cyano groups, solvatofluorochromism was strong—emission

maxima shifted hypsochromically while the fluorescence quan-

tum yield decreased from 0.7 in cyclohexane to 0.01 in THF.

Dye 20 possessing two SF5 groups displayed much weaker

fluorescence, which resembled previously obtained hexaaryl-

pyrrolo[3,2-b]pyrroles possessing SF5 groups.
[19]

Fluorescence in the solid state has been measured as well

(Figure 5 and Supporting Information). It was found that all

studied pyrrolo[3,2-b]pyrroles including dye 12, which does

not fluoresce in solution, display emission in the crystalline

state. The emission maxima were strongly bathochromically

Figure 3. Absorption (solid) and emission (dotted) spectra of compound 16.

Blue—cyclohexane, green—toluene, orange—dichloromethane, pink—THF,

maroon—acetonitrile.

Figure 4. Absorption (solid) and emission (dotted) spectra of compound 19.

Blue—cyclohexane, green—toluene, orange—dichloromethane, pink—THF,

maroon—acetonitrile.

Figure 5. Emission of pyrrolo[3,2-b]pyrroles 12, 15, 16 and 19 in the solid

state.
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shifted compared to solution studies (&100–150 nm). The

emission maximum of the dipolar dye 12 was at lower energy

than that of its quadrupolar analogs.

Two-photon absorption (2PA)

Femtosecond 2PA spectra were measured in the excitation

wavelength range of l2PA=600–1050 nm by using two-photon

excited fluorescence (2PEF) and nonlinear transmission (NLT)

methods (see the Experimental Section). The quadratic de-

pendence of the 2PEF signal on the energy of the incident

laser pulses was confirmed (for the 2PEF method) with an ac-

curacy of 2.00:0.05 within the above-named wavelength

range. At wavelengths l2PA<600 nm, there was an increasing

contribution of the accompanying one-photon excitation due

to partial overlap between the laser spectrum and the S0!S1
absorption band, which resulted in a decline of the power ex-

ponent from the strict quadratic dependence. Figure 6 shows

the 2PA spectra of the six compounds studied in cyclohexane

solution. For compounds 8, 15, 16, 19 and 20, i.e. , for the five

systems showing strong fluorescence emission (Ffl>0.25), the

2PEF excitation method was used, whereas for 12, which

lacked any measurable fluorescence signal, we used the NLT

method. For verification purposes, both methods were applied

for 8 and 20. Linear absorption spectra in cyclohexane are

shown for comparison. Peak s2PA values along with corre-

sponding wavelengths are collected in Table 2.

For compounds 8, 15, 16, 19, and 20, the maximum 2PA

occurs around 790–820 nm (i.e. , at a transition energy well

above the one photon S0!S1 transition peak). This result is

consistent with the predominant behavior displayed by chro-

mophores with nominally centrosymmetric or nearly centro-

symmetric structures, including a previously reported series of

peripherally substituted pyrrolo[3,2-b]pyrrole derivatives.[14] The

maximum s2PA value (determined by the 2PEF method) is

200 GM for 15, 19 and 20, 770 GM for 8, and 370 GM for 16 ;

these values are in agreement with previous observations in

the series of similar compounds. The increased s2PA for 8 and

16 compared to the other three systems correlated with the

molar extinction, showing a factor of &2 larger peak value, as

well as with a slight red shift indicative of the extended conju-

gation in these two systems. At longer wavelength, l2PA=900–

1000 nm, corresponding to the peak of the lowest-energy

component of the S0!S1 transition, s2PA varies in the range 1–

100 GM. In the range 900–930 nm, that is, at an energy slightly

above the 0–0 transition, 8, 15 and 16 show a distinct peak (a

shoulder in case of 19 and 20) that may be attributed to vi-

bronic feature amplified by the Herzberg–Teller mechanism.[29]

The peak values were in the range s2PA’=20–320 GM, as sum-

marized in Table 2. Towards the very red edge of the S0!S1
band, where 0–0 dominates, the s2PA value decreases following

the linear absorption profile. Similar features were observed

also in the previously studied series,[14] however, the corre-

sponding absolute s2PA values were an order of magnitude

smaller, supporting the above notion that the NO2 group has

Figure 6. The 2PA spectra of the compounds studied in cyclohexane obtained by using the 2PEF (empty circles) and NLT (filled rectangles) methods. Filled

blue circles represent wavelengths where the 2PA cross-section were evaluated using the 2PEF method. Linear absorption spectra (red solid lines) are shown

for comparison. The left vertical axes represent 2PA cross-sections, right vertical axes represent extinction coefficients; bottom horizontal axes show laser

(two-photon excitation) wavelengths, top horizontal axes show linear (one-photon excitation) wavelengths.

Table 2. Summary of peak s2PA values measured by 2PEF and NLT and

the corresponding dipole moment change estimated from 2PEF spectra

and 1PA spectra.

Compound Maximum s2PA(l2PA) s2PA’(l2PA’) Dm

2PEF NLT

GM (nm) GM (nm) GM (nm) D

8 770 (820) 1800 (820) 200 (925) 7

12 NA 320 (925) 320 (925) 18[a]

15 200 (800) – 35 (925) 4

16 370 (790) – 45 (900) 3

19 200 (790) – 30 (900) 4

20 200 (790) 340 (790) 20 (890) 3

[a] Estimate of Dm for 12 is based on NLT measurement.
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a much larger effect compared to similar but weaker electron-

accepting substitutions.

The fact that no distinct 0–0 2PA peak is observed may be

related to the amplification of the 0–1 band, which, along with

inhomogeneous broadening, is able to mask a relatively

weaker 0–0 component. For example, for 4-nitrophenyl-substi-

tuted nominally centrosymmetric porphyrins, where inhomog-

enous broadening is relatively small, the 0–0 component is

clearly detected in the 2PA spectrum, even though its relative

amplitude can be 10–20 times less compared to the adjacent

0–1.[30] Nevertheless, the fact that 2PA did not completely

vanish in the 0–0 region allowed us to assume that despite the

structure being nominally centrosymmetric, the chromophores

in solution may become slightly distorted, for example, due to

interaction with the solvent molecules, thus rendering the

two-photon transition partially allowed. The possibility of

spontaneous breaking of ground- and excited-state inversion

symmetry in nominally quadrupolar chromophores was sug-

gested earlier by Terenziani et al. , who considered a pseudo

Jahn–Teller-type mechanism being responsible for large solva-

tofluorochromism.[11] In our case, the degree by which the in-

trinsic symmetry may be becomes “broken” could be indirectly

quantified by evaluating the ratio between s2PA and the linear

extinction at the very red side of the spectra (i.e. , at the wave-

lengths where the two spectral profiles coincide), using the re-

lation:[26]

Dm ¼ 4:55> 103 3

n2 þ 2

. -

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ns2PA l2PAð Þ

leM
1=2l2PA

0 /

v

u

u

t ð1Þ

where Dm is the change of permanent electric dipole moment

(in Debye), n is the solvent index of refraction, l2PA is the wave-

length (nm), eM is the molar extinction coefficient (M@1 cm@1),

and s2PA is the 2PA cross-section, expressed in Gçppert–Mayer

units (1 GM=10@50 cm4photon@1 s@1). We note that even

though Equation (1) is commonly applied only to dipolar

dyes,[26] there is accumulating experimental evidence that this

relation may be also extended to the lowest-energy, purely

electronic transition of nominally symmetric systems, where

the dipole moment is created by a spontaneous symmetry

breaking mechanism.[27–29] Figure 7 (top panel) shows the

above dipole moment change function plotted for 8 along

with the Gaussian decomposition components of the linear ab-

sorption spectrum. In the range 975–1005 nm (between verti-

cal dotted lines, see Figure), where the longest-wavelength

component dominates (presumably the 0–0 transition), the

ratio between the 2PA and 1PA is constant and corresponds to

the value Dm=7.0 D. Such a distinct dipole change suggests

that the implied inversion symmetry, i.e. , one following from

the structure formula of the chromophore, is likely disrupted

already prior to the transition to the excited state. Table 2 pres-

ents Dm values for the five fluorescent chromophores, which

vary in the range 3–7 D. Recent studies have shown[31] that

breaking of intrinsic molecular symmetry, which here apparent-

ly has already occurred in the ground state, may evolve and

expand in the excited state, where further interactions, e.g. ,

with the solvent molecules may occur.

In the case of compound 12, the peak 2PA measured by NLT

is 320 GM. The 2-photon spectral profile essentially followed

the 1-photon absorption spectrum in the S0!S1 transition

region. This behavior is characteristic of strongly dipolar chro-

mophores, where parity selection rules do not apply.[31] Note

that for 8 and 20, where the NLT data is directly compared to

the 2PEF measurement, the spectral shapes are closely

matched, but the absolute cross-section value obtained by NLT

appears as a factor 1.5–2 higher, even though both methods

used fluorescein in pH 11 aqueous buffer as 2PA reference

standard.[32] This discrepancy may be related to the absorption

from the excited state, which effectively increases the NLT re-

sponse but does not affect directly the 2PEF signal.[33] In both

cases, the experimental error is on the order of 20–30%.

The bottom panel in Figure 7 shows that the dipole

moment change of 12, evaluated by inserting the experimen-

tal NLT spectrum into Equation (1), gives a value on the order

20 D. Interestingly, the dipole increases towards the longer

wavelength portion of the transition band, which is likely relat-

ed to a broad distribution of local electrostatic solvent environ-

ments.[19]

Figure 7. Manifestation of ground-state broken symmetry in 8 (top) and 12

(bottom) represented by non-vanishing permanent dipole moment change

(symbols, left vertical axis). Linear absorption spectrum (solid line) and its

Gaussian decomposition components (dashed line) are shown for compari-

son. The wavelengths between two vertical dotted lines is where 2PA and

1PA spectral shapes coincide, corresponding to Dm=7.0 D (horizontal

dashed line).
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Theoretical calculations

To provide a further analysis, we have used first-principle ap-

proaches to model 5, 8, 12, 15, 16, 19 and 20. First, given the

structure of the considered dyes, we have optimized the

ground-state structures of these compounds in both Ci and C2

symmetry (but for 12 which is obviously C1). We found that 8

and 15 are more stable in the Ci point group whereas 19 and

20 present a C2 point group, which can be understood as in

these two latter compounds the side phenyl rings are arranged

in a propeller-shape manner. For 16, both Ci and C2 minima

present imaginary frequencies and only the C1 structure is

stable. In Table 3, we provide the dihedral angles computed

between the central pyrrolo[3,2-b]pyrrole core and the phenyl

ring bearing the nitro groups for both the ground and the ex-

cited states of all modeled compounds. For the compounds

without constraints, this dihedral angle is ca. 35–408 in the

ground state. In contrast, as expected it is much smaller for 16

and attains values of ca. 458 for 15, 19 and 20. Interestingly,

this angle significantly drops, by ca. @108, when going to the

lowest excited state, an effect particularly marked for 8. This

clearly indicates an increase of the conjugation in the excited

state.

The density difference plots are given for four selected com-

pounds in Figure 8. Clearly, the central pyrrolo[3,2-b]pyrrole

core acts as a donor moiety (mostly in blue) whereas the nitro

group(s) act(s) as acceptor(s) (mostly in red), irrespective of the

considered dye. In that sense, the side CN and SF5 moieties

added in 19 and 20 have a small impact on the excited state.

This is consistent with the data of Table 1: all structures but 12

and 16 display similar positions for the absorption maximum.

For 12, one observes a significant dipolar charge-transfer (CT)

character as expected, but one notices that the additional

donor group plays only a small role: the pyrrolo[3,2-b]pyrrole

core remains the main donor group. For 16, the excited state

is slightly more delocalized in line with the observed batho-

chromic shifts. We underline that for 12, which is dipolar, the

difference of dipole moments between the two states returned

by theory is 17.6 D (excited-state dipole: 25.4 D), which is in

perfect agreement with the experimentally deduced value

listed in Table 2. Overall, we notice on the one hand a planariza-

tion of the structure when going from the ground to the excit-

ed state and, on the other hand, a strong reorganization of the

electrons in the excited state corresponding to dipolar or

quadrupolar CT effects. These trends are consistent with the

large solvatofluorochromism experimentally obtained.

We have determined theoretical 0–0 energies for all com-

pounds using a protocol taking into account vibrational and

solvation effects.[34] On the wavelength scale, the 0–0 points

are predicted by theory to be found at 437 nm, 465 nm,

462 nm, 463 nm, 434 nm, 433 nm and 429 nm for 5, 8, 12, 15,

16, 19 and 20, respectively. These values can be directly com-

pared to the crossing point between the absorption and emis-

sion spectra, and one notices that theory only slightly underes-

timates the absolute positions of these bands. For 16, one

notes a clear multiple peak structure in Figure 1. As the elec-

tronic excited states of 16 are well separated according to TD-

DFT, we reasoned that this specific band shape was originating

from vibronic contributions, which have been simulated. As

can be seen in Figure 9, the calculations of vibronic effects for

the lowest excited state indeed restore a multi-peak structure

for absorption and the presence of a shoulder for emission.

For the fluorescence, theory reproduces almost perfectly the

Table 3. Computed ground-state (GS) and lowest excited-state (ES) dihe-

dral angles between the pyrrolo[3,2-b]pyrrole core and the phenyl rings

bearing the nitro group(s). All values are in degree and have been com-

puted in C6H12.

5 8 12 15 16 19 20

GS 38.5 39.1 36.7 45.4 6.7 45.1 43.8

ES 26.2 23.4 33.2 34.8 6.7 36.2 34.7

Figure 8. Density difference plots obtained for four compounds. In these

plots, blue and red regions, respectively, indicate decrease and increase of

electron density upon photon absorption (threshold used: 0.001 au).
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experimentally observed band shape (see Figure 1), whereas

for the absorption the relative intensities of the two first peaks

are reversed. However, both the separation between these two

peaks (ca. 0.16 eV theoretically and 0.19 eV experimentally) and

the molar absorption coefficient (theory: 42400m@1 cm@1, ex-

periment: 52300m@1 cm@1) are confirming the quality of theo-

retical modeling and, therefore, the vibronic origin of the spe-

cific band shape of 16. Eventually for the dipolar 12, we have

also used TD-DFT to determine the 2PA cross-section and ob-

tained a value of 439 GM for the first absorption band, a value

that is reasonably close to the one obtained by the measure-

ment (see Table 2).

Conclusions

In summary, we have presented a concept for modulating the

excited-state process by changing the dihedral angle between

electron-withdrawing peripheral subunits and the electron-rich

pyrrolo[3,2-b]pyrrole core. Regardless of the degree of conjuga-

tion between the nitrobenzene moieties and the pyrrolo[3,2-

b]pyrrole core, the centrosymmetric dyes of this type displayed

solvatofluorochromism when the dihedral angle is variable.

Suppression of this phenomenon could be achieved via plana-

rization of the molecule, which was synthetically achieved via

oxidative aromatic coupling. This suppression suggests that

the difference between the conformation in the ground and

excited states is important for molecular orbital desymmetriza-

tion after electronic excitation. All these nominally quadrupolar

heterocycles possessed strong emission in cyclohexane (+

0.25), while this fluorescence was lost upon switching to a di-

polar architecture. Upon p-expansion of the chromophore by

means of additional carbon–carbon triple bonds, the emission

intensity decreased while the large solvatofluorochromism

effect was retained. This data suggests that non-planar dyes

exhibit an increased preference for planarity in the excited

state. Interestingly, all studied pyrrole[3,2-b]pyrroles possess

red fluorescence in the solid state. Measurement of femtosec-

ond two-photon absorption in the 0–0 component of the S0!

S1 transition revealed that not only the nonsymmetric system

has a large permanent electric dipole moment change upon

the transition to the excited state, but also that the nominally

symmetric structures exhibit a non-vanishing, permanent

dipole, thus suggesting that some degree of symmetry break-

ing may occur already prior to solvent-induced symmetry

breaking in the excited state. These findings reveal the gener-

ality of solvatofluorochromism of centrosymmetric pyrrolo[3,2-

b]pyrroles possessing a center of inversion and provide a po-

tential platform for translation of this molecular design to vari-

ous applications.

Experimental Section

Synthesis

All chemicals were used as received (Aldrich and TCI) unless other-

wise noted. Reagent grade solvents (CH2Cl2, hexane, toluene) were

distilled prior to use. All reported 1H NMR and 13C NMR spectra

were recorded on Varian 500 and 600 MHz instruments. Chemical

shifts (d) were determined with TMS as the internal reference; J

values were given in Hz. Chromatography was performed on silica

(Kieselgel 60, 200–400 mesh).

Synthesis of compound (6): 4-Octylaniline (2.46 g, 12 mmol), 4-

[(trimethylsilyl)ethynyl]benzaldehyde (2.43 g, 12 mmol) and p-tolue-

nesulfonic acid (228 mg, 1.2 mmol) were stirred in glacial acetic

acid (10 mL) at 90 8C for 30 min. Then, butane-2,3-dione (519 mL,

6 mmol) was added and the resulting mixture was stirred at 90 8C

for 3 h. After cooling, the precipitate was filtered off and washed

with glacial acetic acid. Recrystallization from EtOAc afforded the

pure product as a yellow solid (553 mg, 11%). Rf= 0.4 (silica, hex-

anes/CH2Cl2 7:3); 1H NMR (500 MHz, CDCl3): d=0.23 (s, 18H), 0.89

(t, J=7.0 Hz, 6H) 1.29–1.33 (m, 20H), 1.62–1.64 (m, 4H), 2.61 (t, J=

7.6 Hz, 4H), 6.39 (s, 2H), 7.12 (AA’XX’, J=8.6 Hz, 4H), 7.15 (s, 8H),

7.30 ppm (AA’XX’, J=8.6 Hz, 4H); 13C NMR (125 MHz, CDCl3): d=

14.1, 22.7, 29.2, 29.3, 31.3, 35.5, 76.7, 77.0, 77.2, 94.5, 94.8, 105.3,

120.2, 125.1, 127.5, 129.1, 131.7, 132.4, 133.7, 135.5, 137.4,

140.7 ppm; HR MS (EI) calcd for C56H70N2Si2 : 826.5078, found

826.5086; m.p. 180–181 8C.

Synthesis of compound (7): The TMS-protected derivative (6,

500 mg, 0.6 mmol) was dissolved in THF (3.4 mL) and TBAF·3H2O

(392 mg, 1.5 mmol) was added. The reaction mixture was stirred

for 5 h at rt. The solvent was evaporated and the crude product

was recrystallized from EtOAc. The pure product was obtained as

a yellow solid (294 mg, 72%). Rf=0.4 (silica, hexanes/CH2Cl2 7:3);
1H NMR (500 MHz, CDCl3): d=0.89 (t, J=7.0 Hz, 6H), 1.28–1.33 (m,

20H), 1.61–1.66 (m, 4H), 2.62 (t, J=7.7 Hz, 4H), 3.06 (s, 2H), 6.40 (s,

2H), 7.15 (AA’XX’ overlap, 4H), 7.17 (s, 8H), 7.35 ppm (AA’XX’, J=

8.4 Hz, 4H);13C NMR (125 MHz, CDCl3): d=14.1, 22.7, 29.2, 29.3,

29.4, 31.3, 31.9, 35.5, 76.7, 77.0, 77.2, 77.4, 83.8, 94.9, 119.2, 125.1,

127.6, 129.1, 131.9, 132.4, 134.1, 135.4, 137.4, 140.8 ppm; HR MS

(EI) calcd for C50H54N2 : 682.4287, found 682.4293; m.p. 183–184 8C.

Synthesis of compound (8): A dried Schlenk flask, purged with

argon, was charged with 7 (50 mg, 0.073 mmol) and 1-iodo-4-nitro-

benzene (36.4 mg, 0.146 mmol). The substrates were dissolved in

anhydrous THF (1 mL). Then, Et3N (0.1 mL, 7.2 mmol) was added.

The vessel was evacuated and backfilled with argon (this process

was repeated 3 times). To the degassed mixture, CuI (1.4 mg,

7.3 mmol) and PdCl2(PPh3)2 (5 mg, 7.3 mmol) were added. The reac-

tion mixture was stirred at rt for 20 h. Next, the reaction mixture

Figure 9. Theoretically simulated absorption (full line) and emission (dashed

line) band shapes of 16. These band topologies can be compared to their

experimental counterpart given in Figure 1
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was filtered through a short pad of Celite, and evaporated to dry-

ness. The crude product was chromatographed (silica, hexanes/

CH2Cl2 7:3) to afford orange product 8 (50 mg, 74%). Rf=0.67

(silica, hexanes/CH2Cl2 7:3);
1H NMR (500 MHz, CDCl3): d=0.89 (t, J=

7.0 Hz, 6H), 1.26–1.34 (m, 20H), 1.68–1.62 (m, 4H), 2.64 (t, J=

7.6 Hz, 4H), 6.45 (s, 2H), 7.20 (s, 8H), 7.23 (AA’XX’, J=8.3 Hz, 4H),

7.39 (AA’XX’, J=8.3 Hz, 4H), 7.62 (d, J=8.9 Hz, 4H), 8.21 ppm (d,

J=8.9 Hz, 4H); 13C NMR (125 MHz, CDCl3): d=14.1, 22.7, 29.3, 29.3,

29.4, 31.3, 31.9, 35.5, 76.7, 77.0, 77.2, 88.2, 95.2, 119.2, 123.6, 125.1,

127.7, 129.2, 130.4, 131.6, 132.1, 132.8, 134.5, 135.5, 137.3, 141.0,

146.8 ppm; LR MS (EI) calcd for C62H60N4O4 : 924.46, found 924.46;

m.p. 234 8C.

Synthesis of compound (10): 4-Octylaniline (2.05 g, 10 mmol), 4-

nitrobenzaldehyde (756 mg, 5 mmol), 4-bromobenzaldehyde

(925 mg, 5 mmol) and p-toluenesulfonic acid (190 mg, 1 mmol)

were stirred in glacial acetic acid (10 mL) at 90 8C for 30 min. Then,

butane-2,3-dione (432 mL, 6 mmol) was added and the resulting

mixture was stirred at 90 8C for 3 h. After cooling, the precipitate

was filtered off and washed with glacial acetic acid. The crude

product was chromatographed (silica, hexanes/toluene 6:4) to

afford an orange product 10 (600 mg, 16%). Rf=0.65 (silica, hex-

anes/CH2Cl2 7:3); 1H NMR (500 MHz, CDCl3): d=0,89(t, J=6.9 Hz,

6H), 1.31 (m, 20H), 1.64 (m, 4H), 2.64 (q, J=6.6, 8.7 Hz, 4H), 6.34

(s, 1H), 6.54 (s, 1H), 7.08 (AA’XX’, J=8.6 Hz, 2H), 7.14–7.22 (m, 8H),

7.31 (dd, J=22.7, 8.8 Hz, 4H), 8.03 ppm (AA’XX’, J=8.6 Hz, 2H);
13C NMR (125 MHz, CDCl3): d=14.1, 22.7, 29.3, 29.3, 29.4, 29.5, 31.3,

31.9, 35.5, 76.8, 77.0, 77.3, 94.3, 96.8, 120.5, 123.7 ppm; HR MS (EI)

calcd for C46H52BrN3O2 : 757.3243, found 757.3248; m.p. 214–215 8C.

Synthesis of compound (12): A dried Schlenk flask, purged with

argon, was charged with 10 (350 mg, 0.25 mmol). Compound 10

was then dissolved in anhydrous toluene (14 mL) and morpholine

(11) (70 mL, 0.805 mmol) was added, followed by Cs2CO3 (514 mg,

1.58 mmol). The vessel was evacuated and backfilled with argon

(this process was repeated 3 times). Next, SPhos (21.6 mg,

0.0526 mmol) was added. The reaction mixture was stirred at

120 8C for 18 h. Afterwards, the reaction mixture was filtered

through a pad of Celite and evaporated to dryness. The crude

product was chromatographed (silica, toluene) to obtain a dark

violet product 12 (342 mg, 85%). Rf=0.36 (silica, CH2Cl2/hexanes

1:1) ; 1H NMR (500 MHz, CDCl3): d=0.89 (t, J=6.9 Hz, 6H), 1.13–1.43

(m, 20H), 1.62–1.66 (m, 4H), 2.61–2.66 (m, 4H), 3.22–3.10 (m, 4H),

3.14 (t, J=4.4 Hz, 4H), 3.84 (t, J=4.4 Hz, 4H), 6.27 (s, 1H), 6.56 (s,

1H), 6.77 (d, J=8.4 Hz, 2H), 7.13 (d, J=8.7 Hz, 2H), 7.18–7.23 (m,

4H), 7.27 (d, J=8.9 Hz, 2H), 8.02 ppm (d, J=8.9 Hz, 2H); 13C NMR

(125 MHz, CDCl3): d=14.1, 22.7, 22.7, 29.3, 29.3, 29.3, 29.4, 29.5,

31.3, 31.9, 35.5, 48.9, 66.8, 76.7, 77.0, 77.3, 93.0, 97.1, 115.0, 123.7,

124.8, 125.1, 125.2, 127.0, 129.0, 129.2, 129.4, 131.4, 131.4, 132.6,

134.5, 134.5, 137.3, 137.4, 138.4, 140.2 ppm; HR MS (EI) calcd for

C50H60N4O3 : 764.4665, found 764.4664; m.p. 158 8C.

Synthesis of compound (14): 4-Octylaniline (1.03 g, 5 mmol), 2-

bromo-4-nitrobenzaldehyde (1.15 g, 5 mmol) and p-TsOH (95 mg,

0.5 mmol) were stirred in glacial acetic acid (5 mL) at 90 8C for

30 min. Then, butane-2,3-dione (216 mL, 2.5 mmol) was added and

the resulting mixture was stirred at 90 8C for 3 h. After cooling, the

precipitate was filtered off and washed with glacial acetic acid. Re-

crystallization from EtOAc afforded the pure product as an orange

solid (850 mg, 19%). Rf=0.7 (silica, CH2Cl2/hexanes 1:1); 1H NMR

(500 MHz, CDCl3) d 0.88 (t, J=6.9 Hz, 6H), 1.34–1.22 (m, 20H),

1.58–1.62 (m, 4H), 2.59 (t, J=7.7 Hz, 4H), 6.64 (s, 2H), 7.08 (d, J=

8.4 Hz, 4H), 7.14 (d, J=8.4 Hz, 4H), 7.30 (d, J=8.6 Hz, 2H), 8.00

(dd, J=8.6, 2.3 Hz, 2H), 8.47 ppm (d, J=2.3 Hz, 2H); 13C NMR

(125 MHz, CDCl3): d=14.1, 22.7, 29.3, 29.3, 29.4, 31.2, 31.9, 35.4,

97.9, 121.7, 123.5, 124.2, 128.6, 129.3, 131.5, 132.6, 132.8, 136.6,

141.0, 141.1, 146.4 ppm; HR MS (EI) calcd for C46H50Br2N4O4 :

880.2199, found 880.2205; m.p. 197–198 8C.

Synthesis of compound (15): A Schlenk flask was charged with 13

(221 mg, 0.25 mg), and phenylboronic acid (92 mg, 0.75 mmol),

PPh3 (26 mg, 0.1 mmol), K2CO3 (138 mg, 1 mmol), and Pd(OAc)2
(11 mg, 0.05 mmol) were added. The substrates were dissolved in

toluene (0.2 mL) and water (0.2 mL). The reaction mixture was

stirred at 80 8C for 4 days. Then, the reaction mixture was filtered

through a short pad of Celite, and evaporated. The crude product

was chromatographed (silica, hexanes/CH2Cl2 2:8), affording

orange product 15 (161 mg, 73%). Rf=0.4 (silica, CH2Cl2/hexanes

1:1) ; 1H NMR (600 MHz, CDCl3): d=0.90 (t, J=7.0 Hz, 6H), 1.26–1.38

(m, 20H), 1.56–1.65 (m, 4H), 2.53 (t, J=7.6 Hz, 4H), 6.25 (s, 2H),

6.44 (d, J=8.3 Hz, 4H), 6.67 (dd, J=8.2, 1.0 Hz, 4H), 6.84 (d, J=

8.3 Hz, 4H), 7.07 (t, J=7.7 Hz, 4H), 7.19 (t, J=7.4 Hz, 2H), 7.73 (d,

J=8.5 Hz, 2H), 8.06 (d, J=2.4 Hz, 2H), 8.20 ppm (dd, J=8.5, 2.4 Hz,

2H); 13C NMR (150 MHz, CDCl3): d=14.1, 22.7, 29.3, 29.3, 29.5, 31.7,

31.9, 35.36, 76.79, 96.8, 122.2, 122.8, 125.3, 127.1, 127.9, 128.1,

128.7, 131.1, 131.5, 133.3, 136.2, 138.7, 139.2, 139.9, 141.7,

147.0 ppm; HR MS (EI) calcd for C58H60N4O4 : 876.4615, found

876.4581; m.p. 197 8C.

Synthesis of compound (16): A Schlenk flask flushed with argon

was charged with 15 (100 mg, 0.11 mmol) which was dissolved in

dry CH2Cl2 (1.32 mL). Then, a solution of FeCl3 (370 mg, 2.28 mmol)

dissolved in nitromethane (1.32 mL) was added via syringe. The re-

action was stirred 40 min at rt. Then, water (1.5 mL) was added

and the resulting mixture was stirred for another 15 min. Two

phases were separated and the water phase was extracted with

CH2Cl2 (3V10 mL). The organic phases were combined and dried,

the solvent was evaporated, and the crude product was chromato-

graphed (silica, CH2Cl2/hexanes 8:2) to afford an orange product

16 (66 mg, 69%). Rf=0.45 (silica, CH2Cl2/hexanes 1:1) ; 1H NMR

(500 MHz, CDCl3): d=0.94 (t, J=7.0 Hz, 6H), 1.46–1.65 (m, 20H),

1.91 (t, J=7.2 Hz, 4H), 2.97 (t, J=7.5 Hz, 4H), 6.89 (d, J=8.2 Hz,

2H), 7.10 (t, J=7.6 Hz, 2H), 7.49 (t, J=7.5 Hz, 2H), 7.56 (d, J=

9.4 Hz, 2H), 7.61 (d, J=7.8 Hz, 4H), 7.72 (d, J=7.8 Hz, 4H), 8.01 (d,

J=9.4 Hz, 2H), 8.72 (d, J=8.2 Hz, 2H), 9.62 ppm (s, 2H); 13C NMR

(125 MHz, CDCl3): d=14.2, 22.7, 29.4, 29.4, 29.6, 31.9, 32.0, 36.0,

110.6, 119.8, 119.9, 122.8, 123.5, 124.7, 126.6, 127.1, 127.4, 128.2,

129.4, 130.5, 130.6, 132.0, 133.4, 140.1, 143.7, 146.1 ppm; HR MS

(EI) calcd for C58H56N4O4 : 872.4301, found 872.4289; m.p. 296 8C.

Synthesis of compound (19): 2,5-Bis-(4-nitrophenyl)-1,4-bis(4-octyl-

phenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole 5 (181 mg, 0.25 mmol), 4-

bromobenzonitrile (182 mg, 1 mmol), KOAc (98 mg, 1 mmol), and

PdCl(C3H5)(dppb) (6 mg 0.01 mmol) were placed in a Schlenk flask,

which was flushed with argon prior to use. Then, 8 mL of dry DMA

was added and the resulting mixture was stirred at 150 8C for

5 days. The crude product was chromatographed (silica, hexanes/

CH2Cl2 2:8) to afford 19 as an orange product (162 mg, 70%). Rf=

0.48 (silica, CH2Cl2/hexanes 1:1); 1H NMR (500 MHz, CDCl3): d=0.90

(t, J=7.0 Hz, 6H), 1.28–1.36 (m, 20H), 1.55–1.60 (m, 4H), 2.57 (t, J=

7.7 Hz, 4H), 6.79 (dd, J=14.6, 8.2 Hz, 8H), 6.91(d, J=8.2 Hz, 4H)

7.00 (d, J=8.8 Hz, 4H), 7.20 (d, J=8.2 Hz, 4H) 7.91 ppm (d, J=

8.8 Hz, 4H); 13C NMR (125 MHz, CDCl3): d=14.1, 22.6, 29.2, 29.3,

29.3, 31.6, 31.8, 35.4, 108.7, 109.7, 118.6, 123.2, 127.5, 128.8, 129.4,

131.0, 131.2, 131.3, 132.8, 135.2, 137.8, 143.2, 146.2 ppm; LR MS

(ES) calcd for C60H58N6O4 : 926.45, found 926.46; m.p. 271–273 8C.

Synthesis of compound (20): 2,5-Bis-(4-nitrophenyl)-1,4-bis(4-octyl-

phenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole 5 (100 mg, 0.137 mmol), 4-

bromophenylsulfur pentafluoride (156 mg, 0.551 mmol), KOAc

(54 mg, 0.551 mmol), and PdCl(C3H5)(dppb) (3.3 mg 5.51 mmol)

were placed in a Schlenk flask, which was flushed with argon prior

to use. Then, 4.6 mL of dry DMA was added and the resulting mix-
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ture was stirred at 130 8C for 3 days. The product was purified by

means of flash column chromatography (eluent: 10% EtOAc in

hexane) and then recrystallized from toluene or ethyl acetate. The

obtained orange crystals were dried under reduced pressure

(109 mg, 70%). Rf=0.4 (silica, CH2Cl2/hexanes 1:1); 1H NMR (CDCl3,

500 MHz, 25 8C): d=0.89 (t, J=7.0 Hz, 6H), 1.34–1.30 (m, 20H),

1.56–1.53 (m, 4H), 2.53 (t, J=7.8 Hz, 4H), 6.75 (d, J=8.3 Hz, 4H),

6.78 (d, J=8.5 Hz, 4H), 6.89 (d, J=8.5 Hz, 4H), 7.04 (AA’XX’, J=

9.0 Hz, 4H), 7.30 (d, J=8.5 Hz, 4H), 7.92 ppm (AA’XX’, J=9.0 Hz,

4H); 13C NMR (CDCl3, 125 MHz, 25 8C) d 14.1, 22.6, 29.2, 29.3, 29.4,

31.4, 31.9, 35.4, 108.4, 123.3, 125.2, 127.5„ 128.8, 129.7, 130.5,

131.2, 151.8, 146.1, 143.2, 137.9, 136.6, 135.2, 132.6 ppm; LRMS:

(ESI): calcd for C58H59F10N4O4S2 [M+H]+ : 1129.22, found: 1129.38;

m.p. 278–280 8C.

Optical measurements

Spectroscopic samples were prepared in 2 mL quartz cuvettes of

1 cm path length for both 1PA and 2PA measurements. Cyclohex-

ane (FisherChemicals, UN 1145, HPLC grade, 99.9%) and dichloro-

methane (OmniSolv, UN 1593, DX 0831-6, 99.96%) were used.

Linear absorption measurements were performed with a PerkinElm-

er UV/VIS/NIR Lambda 950 spectrometer. For relative quantum

yield measurements (for the 2PEF measurements), a luminescence

PerkinElmer LS 50B spectrometer was used. The sample concentra-

tions used in the 2PEF measurements were &1 mm, while for the

NLT measurements higher concentrations of &1–4 mm were re-

quired. For samples with high quantum yields, the relative 2PA

spectra were obtained using the 2PEF method. A Ti:Sapphire fem-

tosecond laser system (Coherent, Libra) operated at 1 kHz repeti-

tion rate and producing pulses with duration &100 fs pumped an

optical parametric amplifier (1PA) (Light Conversion, OPerA Solo).

The 1PA output wavelength was tuned in the wavelength region

570–900 nm with 2 nm steps. The approximate 1PA pulse spectral

width was &15–35 nm. For detection of the fluorescent signal,

a grating spectrometer (Jobin–Yvon, Triax 550) combined with

a CCD detector (Spectrum One) was used. Bis-diphenylaminostil-

bene (bDPAS) diluted in dichloromethane was used as the refer-

ence standard for the 2PEF measurements.[35] When the fluores-

cence quantum yields were too low for reliable 2PEF measure-

ments, the femtosecond NLT method was used to determine the

2PA cross-sections in a range of 570–800 nm.[36] Briefly, for the NLT

measurements, the same laser setup was employed, but the pulse

repetition rate was reduced to 100 Hz. The 1PA beam was addi-

tionally collimated using a series of apertures and lenses. To detect

the change in the transmission, a set of silicon photodetectors

(Thorlabs, DET 36A) was employed. Bis-diphenylaminodistirylben-

zene (bDPASDSB) diluted in tetrahydrofuran (OmniSolv, UN 2056,

TX 0279-1, 99.9%) was used as the reference standard for the NLT

measurements.

Theoretical calculations : All (TD-)DFT calculations were performed

using the Gaussian 09.D01 program,[37] whereas the 2PA calcula-

tions were performed in the Dalton code.[38] For the Gaussian cal-

culations, we used tightened self-consistent field (10@10 a.u.) and

geometry optimization (10@5 a.u.) convergence thresholds and

a large DFT integration grid (so-called ultrafine grid, a pruned

99590 grid). The linear optical spectra (TD-)DFT calculations relied

on the M06-2X hybrid functional.[39] This functional is known to

provide slightly excessive transition energies but provided consis-

tent data (high correlation) with the experiment. Following the

basis set combination approach proposed elsewhere,[40] we used

the 6-31+G(d) atomic basis set for determining the geometrical

and vibrational parameters, whereas the transition energies were

computed with 6-311+G(2d,p). The nature of the ground-state sta-

tionary points was confirmed by analytical Hessian calculations

that returned 0 (minima) imaginary vibrational modes. Environ-

mental effects (herein, of cyclohexane) were accounted for using

the linear response (LR) variant of the polarizable continuum

model (PCM)[41] in its non-equilibrium limit for the vertical absorp-

tion. For the emission wavelengths, the excited-state structures

were optimized with the LR-PCM in its equilibrium limit, whereas

the emission energies were computed with the corrected LR

(cLR)[42] PCM model in its non-equilibrium limit. Excited-states are

represented using density difference plots, in which the excited-

state density was determined at the TD-DFT level using the Z-

vector approach. Vibrationally resolved spectra have been obtained

using the FCclasses program.[43] The Franck-Condon (FC) approxi-

mation has been employed as we consider strongly dipole-allowed

transitions (f>0.1),[44] The reported spectra have been simulated

by using convoluting Gaussian functions having a half width at

half-maximum (HWHM) of 0.07 eV. A maximum number of 25 over-

tones for each mode and 20 combination bands on each pair of

modes were included in the calculation. The number of integrals

to be computed for each class was set to 1011, which gives FC fac-

tors of 0.67 and 0.78 for the absorption and emission of 16, respec-

tively. The 2PA calculations were performed in the gas- phase

using the range-separated CAM-B3LYP functional[45] which is suited

for nonlinear optical calculations. We applied the diffuse contain-

ing 6-31+ +G(d,p) atomic basis set for the 2PA simulations.
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