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Vertically π-expanded coumarin - the synthesis 

via the Scholl reaction and photophysical 

properties 

Mariusz Tasior,a Irena Deperasińska,c  Karolina Morawska,b Marzena 
Banasiewicz,c Olena Vakuliuk,a,b Bolesław Kozankiewicz*c and Daniel T. 
Gryko*a,b 

A short and efficient access to a unique type of π-expanded coumarin is achieved.  Strategic 

placement of naphthalene at the 4-position of coumarin allowed us to fuse these two moieties via 

aromatic dehydrogenation under Scholl conditions. The intriguing optical properties of this π-

expanded coumarin are discussed on a basis of quantum chemical calculations. The 

fluorescence quantum yield (~20%) is significantly higher than for classical 7 -hydroxycoumarin. 

The ratio of emission versus radiationless deactivation is governed by the following factors: 

decrease in the oscillator strength of the SS transition (vs. perylene), low yield of intersystem 

crossing and strong internal conversion originating from the activity of the number of vibronic 

states. 

 

1 Introduction 

Coumarins1 are widespread both in chemical laboratories and in 

nature. They possess diversified biological activities.2-5 The 

combination of suitable optical properties such as strong light 

absorption,6,7 high fluorescence quantum yield (Φfl),8 and large 

Stokes shift9,10 have attracted considerable attention in various 

photonics applications.11-15 The role of coumarins in optical 

brightening16 and as fluorescent probes17,18 directly stems from 

their advantageous properties. Coumarins’ photophysics has 

been extensively studied with emphasis on the structure-

property relationship.10,19-21 Although coumarin chemistry is 

well developed, new synthetic methods are being continuously 

discovered.22-24  

Various π-expanded coumarins25-28 have been prepared and 

studied over the years such as benzo[h]coumarins (mostly via 

Pechmann reaction of corresponding naphthols29) and 

benzo[c]coumarins.30 Ahn and co-workers improved the 

synthetic method for preparation of benzo[g]coumarin and 

employed this new approach in fluorescent imaging.31,32 

Among coumarins π-expanded at positions 4 and 5, a large 

number of 4-oxa-pyren-5-one analogs have been studied,33-35 

including the naturally occuring alkaloid santiagonamine.36 On 

the other hand, the synthesis and photophysical properties of 

analogous systems corresponding to the perylene skeleton have 

not been studied yet. The only example bearing a slight 

resemblance has been 1-oxa-5-oxocoronene, originally 

described by Zinke in 1953.37 Such ‘vertically π-expanded 

coumarins’ are consequently the missing link in this area and 

their synthesis would broaden our understanding of the 

relationship between the structure and the optical properties in 

the coumarin family. As a part of a program in the chemistry of 

rylene’s analogues, we have directed our research efforts 

towards the simplest representative of this family – vertically 

expanded coumarin bearing hydroxyl group at position 11 (i.e. 

an analogue of extensively studied 7-hydroxycoumarin). 

2 Experimental 

2.1 Synthetic procedures 

(1-Naphthyl)-3-oxopropanoic acid ethyl ester (1). NaH (60% 

dispersion in mineral oil, 1.19 g, 29.75 mmol) was washed four 

times with dry toluene under an Ar atmosphere. Finally, dry 

toluene (4 mL) was added, followed by diethyl carbonate 

(3.32g, 0.028 mol) and the whole reaction mixture was heated 

under reflux. 1-Acetylnaphthalene (2.38 g, 0.014 mol) in dry 

toluene (5 mL) was slowly added and the resulting mixture was 

refluxed for 4 h. After that time, the dark-orange suspension 

was cooled to room temperature, poured into ice-water and 

acidified with acetic acid to pH=6. Ethyl acetate was added and 

the organic phase was separated, washed three times with 

water, and dried with MgSO4. After removal of the solvent, 3.4 
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g (100%) of desired product (mixture of keto- and enol- form) 

was obtained as a yellow oil, which was used in the next step 

without further purification. Analytical data were consistent 

with literature values.38 

7-Hydroxy-4-(1-naphthyl)-2H-chromen-2-one (3). 

Methanesulfonic acid (3 mL) was slowly added to the mixture 

of ester 1 (2.24 g, 10 mmol) and resorcinol (1.1 g, 10 mmol). 

After stirring for 16 h at room temperature, the resulting dark 

brown mixture was poured into water and extracted with 

AcOEt. The organic phase was washed with water, dried with 

Na2SO4 and evaporated. Crystallization from EtOH gave 700 

mg (24%) of the desired coumarin as an off-white powder. Rf = 

0.7 (CDCl3). M. p. > 240 °C. 1H NMR (500 MHz, DMSO-d6) δ 

10.43 (s, 1H, OH), 8.06 (dd, J = 24Hz, J = 8Hz, 2H, Ar ), 7.66-

7.44 (m, 5H, Ar), 6.84 (d, J = 2Hz, 1H, Ar), 6.66 (d, J = 9 Hz, 

1H, Ar), 6.61 (dd, J = 9Hz, J = 2Hz, 1H, Ar), 6.24 (s, 1H, CH). 
13CNMR (125 MHz, DMSO-d6) δ 161.5, 160.3, 155.3, 154.8, 

133.1, 132.9, 130.4, 129.4, 129.4, 128.5, 128.3, 127.0, 126.5, 

126.4, 125.6, 125.2, 113.3, 112.1, 102.6. HRMS (EI): m/z 

calculated for C19H12O3 [M+] = 288.0772; found 288.0786. 

11-Hydroxy-1-oxaperylene-2-one (4). 7-Hydroxy-4-(1-

naphthyl)-2H-chromen-2-one (3; 166 mg; 0.576 mmol), sodium 

chloride (377 mg; 6.46 mmol) and aluminum chloride (2000 

mg; 15.00 mmol) were placed in the flask under a continuous 

argon stream. The reaction mixture was heated at 140 C for 4 

h and cooled down. Subsequently, water and ethyl acetate were 

added and the phases were separated. The organic phase was 

washed with water and dried (MgSO4). The filtrate was 

evaporated under reduced pressure with Celite and 

chromatography (DCVC) was performed (SiO2, 

CH2Cl2/hexanes) to obtain desired product 4 as yellow powder 

in 26% yield (44 mg). Rf =0.7 (DCM : EtOAc=2 : 1); mp >240 

°C; 1H NMR (600 MHz, DMSO d6)  10.63 (s, 1H), 8.52 (d, 1H, 

7Hz), 8.25 (d, 1H, 8Hz), 8.09 (d, 1H, 8Hz), 7.94 (d, 1H, 8Hz), 

7.63- 7.58 (m, 2H), 7.51 (d, 1H, 2Hz), 6.92 (s, 1H), 6.67 (d, 1H, 

2Hz); 13C NMR (600 MHz, DMSO d6) 161.7, 161.4, 156.2, 

145.3, 133.7, 133.3, 132.8, 130.4, 127.6, 127.4, 127.03, 126.98, 

126.2, 125.5, 123.8, 107.9, 106.6, 102.8, 101.9; HR MS 

[M+H+] m/z calcd. for (C19H10O3) 286.0638; m/z found 

286.0630. 

2.2 Materials and methods 

Absorption and fluorescence spectra of 4 in liquid acetonitrile 

(spectroscopic grade) were measured at room temperature using 

a PerkinElmer UV/VIS Spectrometer Lambda 35, and a Perkin-

Elmer 512 Fluorescence Spectrometer, respectively.   

Absorption spectra at low temperature (5 K) were measured in 

single-beam configuration with the aid of a homemade cuvette 

in which a solution was frozen between two quartz windows 

separated by a 1.5 mm Teflon ring.  The light from a xenon 

lamp transmitted through the sample was dispersed with a 

McPherson 207 monochromator and detected with an 

EMI96659 photomultiplier operating in photon counting mode.   

Fluorescence spectra in solid matrices at 5 K were measured 

with a photon sampling technique by using a McPherson 207 

monochromator, an EMI96659 photomultiplier and a Stanford 

Research SR259 boxcar averager.  We used a Lambda Physics 

LPX100 excimer laser as the excitation source (λexc=308 nm).  

All calculations were done with aid of the Gaussian 09 

package.39  Optimization of the molecular geometry in the 

electronic ground (S0) and lowest excited (S1) states were done 

with the DFT and TD DFT B3LYP/6-31G(d,p) methods.  For 

all energy minima, both in the ground and excited states, a full 

set of positive frequencies of vibrations has been found.  The 

transitions energies for molecules in solutions were calculated 

with use of a simple polarizable-continuum model (PCM), 

included in the Gaussian package. Simulations of spectra for 

the calculated electronic transitions were obtained with 

Gaussian profile (fwhm=3000 cm-1) according to the GaussSum 

program.40  Vibrational structures of the electronic spectra was 

calculated with a procedure included in Gaussian 09, which 

uses the Franck-Condon factors and the Duchinsky matrix.41,42 

3 Results and discussion 

Our target was naphthalene-fused coumarin 4 (Scheme 1). We 

assumed that dehydrogenation of the molecule containing both 

coumarin and naphthalene linked at positions 4 could lead to 

formation of intramolecular C-C bond. Starting 1-naphthyl-7-

hydroxycoumarin (3) was prepared using the Pechmann 

reaction from ester 1 and resorcinol (2) (Scheme 1).43,44 This 

compound was first described by Pillon with conc. H2SO4 as 

the condensing agent.45 We found that replacing sulfuric acid 

with methanesulfonic acid led to higher yield of coumarin 3 

(Scheme 1).  The coupling reaction was initially attempted 

under typical oxidative coupling conditions46 

(FeCl3,CH2Cl2/MeNO2), but reactions led only to the recovery 

of starting material.  

We therefore employed the classical Scholl conditions in the 

Neumann version.47,48 Subjecting coumarin 3 to a mixture of 

melted AlCl3 and NaCl at 140 °C afforded naphthalene-

coumarin 4 in 26% yield as yellow crystals (Scheme 1).  This 

structural assignment was further confirmed by analysis of 13C 

NMR, COSY, HSQC, HMBC and MS. We have also studied 

the possibility of performing both these transformations as one-

pot process, as AlCl3 facilitates both Pechmann and Scholl 

reaction. Therefore we mixed resorcinol and ethyl 1-

naphthoylacetate in melted AlCl3/NaCl mixture at 140 °C, 

however, we could not detect any traces of desired coumarin.  

The structural novelty of π-expanded coumarin 4 as well as its 

visible fluorescence, prompted us to study its optical properties.  

For structural reasons, 4 can be compared with perylene, one of 

the most frequently studied (especially in the area of 

photophysics) organic dye.49-52 On the other hand, 4 can be 

considered as complex and new relative of 7-hydroxycoumarin 

(7-HC), which has been also extensively studied.53-58 

Photophysical properties of perylene are well known - the (0, 0) 

frequency of this compound in n-nonane matrix is located at 

22533 cm-1 (443.8 nm),59 the Stokes shift between the 

absorption and emission bands in liquid solvents at room 

temperature is small and the fluorescence quantum yield (Φfl) 

amounts to 96%.50  Photophysical properties of both component 
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moieties of 4 differ markedly from those of perylene.  

Naphthalene is a weakly emitting molecule (Φfl0.23)50 and its 

(0,0) transition (in n-pentane at 20 K) is located at 31750 cm-1 

(315 nm).60  Different properties of perylene and naphthalene 

result from different type of the emitting states, which are La in 

perylene and Lb in naphthalene.52 The photophysics of 7-HC 

are also well known.  The Stokes shift between the absorption 

(maximum at about 325 nm) and emission (maximum at about 

400 nm) bands is relatively large, amounting to about 5500 cm-

1, and the fluorescence quantum yield Φfl8%.54  

 
Scheme 1 The synthesis of vertically π-expanded coumarin 4.  

The above mentioned data concerning the compounds “parent” 

for the compound 4 and the data obtained within the framework 

of present work for the compound 4 (details will be described 

later) are collected in Table 1.  Complementary information 

from literature on the energy of triplet state and/or 

phosphorescence are added. 

Absorption and fluorescence spectra of compound 4 in solution 

at room temperature were composed of dispersed bands with 

traces of the structure (Fig. 1). The maximum of absorption of 

the lowest energy band is located at ~425nm, while the 

maximum of fluorescence occurred at ~465 nm. The positions 

of these bands depended only weakly on the solvent polarity 

(the only exception was the fluorescence spectrum of 4 in 

MeOH, but this case can be attributed to a complex formation).  

The spectra of compound 4 are in the spectral region close to 

the absorption and emission spectra of perylene. 

Table 1.  Photophysical data for the compound 4, determined in this work (see below), 

and the data for molecules of perylene, naphthalene and 7-HC, taken from literature.  

00 – energy of the (0,0) transition between the ground S0 and electronically excited S1 

state, Stokes – Stokes shift between the absorption and emission spectra, fl – quantum 

yield of fluorescence, phosph - transition energy for phosphorescence. 

molecule 00 (cm-1) Stokes (cm-1) fl phosph (cm-1) 

4 ~22222 ~3000 0.19  

perylene 22533 1370 0.96 12884a 
naphthalene 31750 1850 0.26 21203b 

7-HC ~28000 ~5500 0.08 ~21322c 

a phosphorescence of perylene is usually difficult to detect, weak 
phosphorescence in a matrix of anthracene crystal [61] results from 

intermolecular intersystem crossing [62]. b ref. [63]. c population of the triplet 

state of 7-HC [55] and phosphorescence of this compound [64-66] is not well 

recognized. 

 

 
Fig. 1 Absorption (upper panel) and fluorescence (lower panel) spectra of 

compound 4 in toluene, chloroform (CHCl3), tetrahydrofuran (THF), acetonitrile 

(ACN) and methanol (MeOH) at room temperature. For the fluorescence spectra, 

the excitation wavelength was 400 nm. 

To further examine the photophysical properties of 4 we 

measured the fluorescence quantum yield of this compound in 

acetonitrile and methanol using perylene as the reference.  The 

quantum yields were found to be 19.2 % in acetonitrile and 

21.9 % in methanol.  These values fell between those for 7-HC 

(Φfl=8 %) and perylene (96 %). 
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Table 2.  Properties of the isolated isomers of compound 4 according to the 

quantum chemical calculations.  f indicates oscillator strength of the transition. 

Molecules of compound 4 were not soluble in nonpolar n-

alkanes and we were not able to discuss high resolution 

absorption and emission spectra of this compound at a low 

temperature Shpol'skii matrix.  Therefore, in this work we used 

room temperature spectra together with the results of quantum 

chemical calculations as the basis for characterizing the 

photophysical properties of 4. 

Compound 4 may exist in two isomeric forms (see Table 2) 

which differ by orientation of the -OH groups with respect to 

the skeleton of the molecule.  The existence of two isomeric 

forms of this type (named also as cis/trans rotamers), whose 

electronic origins are separated by 200-400 cm-1, has been 

previously observed in the high resolution fluorescence 

excitation spectra of 1- and 2-hydroxynaphthalenes67,68 and 7-

hydroxyquinoline69 recorded under experimental conditions of 

supersonic jet expansion. Two isomers were also taken into 

consideration in the theoretical calculation of vibrational 

spectra of 7-HC.57  The structures of both stable isomers of 4, 

which we called A and B, and their basic calculated properties, 

such as energies of the ground and excited electronic states and 

dipole moments, are presented in Table 2. 

Calculated energies of both isomers and energies of electronic 

transitions between S0 and S1 states are illustrated in Fig. 2. 

Clearly, both isomers of 4 have similar energies and properties 

and under ambient conditions it is practically impossible to 

distinguish their spectra.  This is shown in Fig. 3., where we 

present the simulated electronic spectra of both isomers of 4, 

broadened by the Gaussian profiles. Calculated electronic 

transitions were S0 → Si (i = 1,2,…) for the absorption and S1 

→ S0 for the fluorescence (details in Table S1 of Supporting 

Informations).  Overlap of slightly different spectra leads to the 

blurred structure of the really observed spectra and thus can 

cause problems with their detailed analysis. It is also seen from 

Fig.3. that the calculated absorption and fluorescence spectra of 

both isomers, A and B, remarkably well approximate the 

spectral positions of the main experimentally observed bands.  

Good agreement between the calculated and experimental 

spectra entitled us to conduct more detailed analyses of the 

obtained results. 

Molecules of 4, unlike those of perylene and due to their 7-HC 

moiety, have a relatively high dipole moment in the ground 

(S0) and in the lowest excited (S1) electronic states (see Table 

1).  These moments are tilted with respect to the long 

molecular axis of this compound by 48 and 40.2 degree in the 

S0 for isomers A and B, respectively, and by 62.3 and 58.0 

degree in the S1 states of the isomers A and B, respectively.  

Thus, although both of these dipole moments are large, they 

are not very different.  Therefore, according to the models of 

solvent effect on the electronic spectra,70-73 the positions of the 

absorption and fluorescence spectra of compound 4 would be 

expected to depend only weakly on the solvent polarity (results 

of the corresponding calculations are given in Table S2 of 

Supporting Information), as was experimentally observed (see 

Fig. 1). 

Transition between the S0 and S1 states is dominated by the 

HOMO and LUMO electronic configurations (,* character) 

and the transition moment created with the main (long) 

molecular axis an angle of 19 and 24 in the isomers A and B,  

 isomer A isomer B 

structure 

 
 

ground electronic state S0 

energy of the 

ground state S0 

(provided in respect 
to the energy of 

more stable isomer 

A) 

0 223  cm-1 

energy barrier 

between both 
isomers in the S0 

state 

1746 cm-1 

dipole moment in 
the ground S0 state 

5.12  D 7.59  D 

energy and 

oscillator strength 
of the S0 → S1

FC 

absorption 

transition 

24503  cm-1 

(408.1  nm) 
f = 0.2631 

24290  cm-1 

(411.7  nm) 
f = 0.2555 

excited electronic state S1 

energy of the lowest 
excited state S1 

(provided in respect 
to the energy of 

more stable, in this 

state, conformer B) 

5 cm-1 0 

energy barrier 
between both 

isomers in the S1 

state 

1659 cm-1 

dipole moment in 

the excited S1 state 

5.96  D 8.11  D 

energy and 

oscillator strength 
of the S1 → S0

FC 

fluorescence  

transition 

21649  cm-1 

(461.9 nm)                      
f = 0.2480 

21407  cm-1 

(467.1 nm)                      
f = 0.2396 

   

the (0, 0) energy 22214  cm-1
 

(450.2 nm) 

22032  cm-1 

(453.9 nm) 

triplet states Ti 

transition energies 

to the  lowest triplet 
states (all in cm-1) 

13778 

20576 
25172 

13798 

21050 
25046 
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Fig. 2 Visualization of the structure and electronic transitions between the 

ground (S0) and lowest excited (S1) states of the two isomers of compound 4.  

Absorption transition leads from the relaxed S0 state to the Franck-Condon S1
FC 

state (during optical transition the original positions of the nuclei are 

preserved); the molecule then relaxes to the equilibrated S1 state (where the 

positions of the nuclei are adopted the new minimum energy in the excited 

state).  Fluorescence emission proceeds from the relaxed S1 state to the Franck-

Condon state S0
FC, which then relaxes to the S0. The TS (transition state) 

corresponds to the barrier between the two isomers. The scheme also presents 

the ladders of triplet states, Ti(A) and Tj(B), for both isomers. 

respectively (see Fig. 4. for the isomer A).  The shapes of the 

HOMO and LUMO orbitals of compound 4 are perylene-like, 

but deformed due to the presence of the 7-HC moiety. Loss of 

the symmetry, as compared with the D2h symmetry of 

perylene, and the tilting of the transition moment from the long 

axis direction, decreased the oscillator strength of the S0  S1 

transition and thus is considerably smaller in compound 4 than 

in perylene.  Nevertheless, this oscillator strength is rather 

large, comparable to the oscillator strength of the S0S1 

transition in 7-HC. 

The Stokes shift (which is an indicator of the differences 

between the geometries of molecule in the ground and excited 

state) between absorption and fluorescence of 4 is relatively 

large, ~3000 cm-1, according to the spectra presented in Fig. 3. 

Another kind of measure of the differences between the 

geometries of a molecule in the ground and excited state is the 

vibrational structure of the electronic spectrum.  Taking into 

consideration not only the purely electronic states, but also the 

vibrational motions in a molecule, the absorption as well as the 

fluorescence spectra are compose of multiple, so called 

vibronic transitions.  The bigger the difference in the molecule 

geometry in the two electronic states participating in the 

transition, the more extended is the spectrum.   

 

 
Fig. 3 Experimentally observed absorption and fluorescence spectra of 4 in 

acetonitrile (blue line) at room temperature and the simulated electronic spectra 

of isolated isomers A (black line) and B (red line) of 4 - (structures of the isomers 

are presented in Table 1 and in Fig. 2).  The calculated spectra were obtained 

with the aid of TDDFT B3LYP/6-31G(d,p) method by taking into account the 

purely electronic transitions (to the Franck-Condon state, whose spectral 

positions are indicated by the vertical lines with the heights proportional to the 

oscillator strengths – numerical values are collected in Table S1 of 

Supplementary Information.  The calculated spectra (black and red lines) were 

broadened with the Gaussian profile (fwhm=3000 cm-1) according to the 

GaussSum program.40 For the fluorescence spectra, the excitation wavelength 

was 400 nm. 

 

Fig. 4 The HOMO and LUMO configurations and direction of the transition 

moment of isomer A of compound 4. 

In Fig. 5. we consider the room temperature fluorescence 

spectrum of 4 in acetonitrile. This spectrum contains two bands, 

with the maxima at ~465 and ~490 nm.  The separation 

between these two bands, 1600 cm-1, is greater than 200-300 

cm-1, the energy difference between isomers A and B (compare 

Table 2 and Fig. 2).  Therefore, these two bands may reflect 

common vibronic structure of the fluorescence of both isomers 

of 4. We also present the calculated Franck-Condon factors for 

vibronic states contributing to the S1S0 transition for both 

isomers.  It is seen that the trace of the structure observed in the 

experimental fluorescence spectrum can be attributed to 

molecular vibrations with the highest Franck-Condon (FC) 

factors (numerical values are shown at the bottom of Fig. 5.): 

one with frequency 350-360 cm-1 and a second with frequency 

1620-1630 cm-1.  Both of these vibrations represent stretching 

along the long axis of the molecule. The shape of these 

dominating vibrations are graphically presented in Table S5; 

0

2000

4000

6000

8000

10000

12000

en
e
rg

y
 [

cm
-1

]


ab

s 
=
 2

4
5
0
3
 c

m
-1


ab

s 
=
 2

4
2
9
0
 c

m
-1


fl

u 
=
 2

1
6
4
9
 c

m
-1


fl

u 
=
 2

1
4
0
7
 c

m
-1

                                

~ 

25000

23000

21000

19000

            S0(A)                       S0(B)                                                      

          S1(A)                        S1(B)                                                      

TS(S1)

TS(S0)

            S1
FC

(A)                                              S1
FC

(B)

                  S0
FC

(A)                                S0
FC

(B)

       T3(A)

 

      T2(A)

      T1(A)

   

T3(B)

 

      

T2(B)

      

T1(B)

0

10000

20000

30000

40000

50000

60000

70000

80000

200 250 300 350 400 450 500 550 600

wavelength [nm]


M

-1
cm

-1


cal - A

cal - B

exp

1.0

0.8

0.6

0.4

0.2

0.0

oscillator strength

 
HOMO 

 
LUMO 

 
S0 S1 transition moment 

Page 5 of 9 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

they closely resemble the vibrations dominating the spectrum of 

the parent compound perylene.49  The activity of the mentioned 

vibrations in the electronic transition between the ground S0 

and excited S1 states is associated with characteristic 

shortening of the C-C bonds between the two moieties in 

compound 4: naphthalene and 7-HC.  According to our 

calculations, the lengths of these bonds are shorter by 0.03 and 

0.04 Å in the S1 state as compared with their lengths in the S0 

state.  This effect is similar to the changes observed in the CC 

bond lengths in perylene and in larger oligorylenes.74 

 
Fig. 5 Comparison of fluorescence spectrum of 4 in acetonitrile (room 

temperature, excitation wavelength 308 nm) with the simulated vibrational 

structure.  Black and red lines show the Franck-Condon factors calculated for the 

S1S0 emission spectra for isomers A and B. 

The fluorescence quantum yield of compound 4 is larger than 

that for 7-HC and lower in comparison to perylene.  Therefore, 

vertical -expansion of 7-HC results in an increase of the 

quantum yield of fluorescence, but this yield does not reach that 

of perylene.  Fluorescence quantum yield is determined by 

relative efficiency of the S1 state non-radiative energy 

relaxation by the intersystem crossing and internal conversion 

with respect to the radiative emission (Φfl = kf/(kf + kisc + kic), 

where kf, kisc and kic are the rate constants of the radiative, 

intersystem crossing, and internal conversion transitions, 

respectively). Internal conversion in  classical interpretation is 

radiationless transition by which electronic energy is dissipated 

into vibrational motion of molecule.  However, due to 

increasingly problem of dark structures in radiationless 

transitions,75 this concept is expanded, and takes into account 

the electronic nature of this radiationless process.  Such issues 

emerged in relation to deactivation of the S1 state of 7-HC.55   

Previous research on the photophysics of coumarins54,55 

indicated the important (although not entirely explained) role 

played by the n* states.  However, in the case of compound 4, 

this problem is of minor importance. Our calculations, 

performed with optimization of the molecule geometry in the 

n* states, showed that the energy of the lowest energy state of 

this character is higher by about 935 cm-1 than the energy of the 

S1(*) state. 

Efficiency of relaxation by an internal conversion channel is 

determined by changes in the molecular geometry when the 

molecule relaxes from the excited S1 state to the ground S0 

electronic state.75 The analysis of the fluorescence spectrum 

shape (which is almost entirely structureless band) performed in 

this work and results of the corresponding calculations (non-

zero Franck-Condon factors for a large number of vibrations) 

indicate that these changes are large in compound 4, reflecting 

the activity of the number of vibronic states. The result is 

reduction of the fluorescence quantum yield of 4 in comparison 

to perylene ("parent" molecule with similar energy parameters 

and sizes - compare Table 1). 

To discuss efficiency of the intersystem crossing pathway, we 

tried to measure phosphorescence spectrum of 4 and calculated 

the energies of the excited triplet states of compound 4 (see 

Table 1 and Fig. 2.).  According to the obtained results, the 

triplet states T1 and T2 (for both conformers of 4) are located 

more than 2000 cm-1 below the S1 state, whereas the T3 state is 

more than 1000 cm-1 above.  Such a high separation of energy 

suggests that the radiationless transitions by intersystem 

crossing would not be an effective relaxation channel.  

Our effort to monitor phosphorescence of compound 4 

appeared to be unsuccessful (although we studied compound 4 

dissolved in acetonitrile and n-nonane and froze the samples to 

temperature as low as 5 K, the experiment was performed with 

Parker type phosphorimeter operating with mechanically 

choppered excitation light from a 445 nm, 100 mW laser, and 

photons were detected by a sensitive EM CCD camera).  It 

should be noted, however, that the lack of phosphorescence is 

not a conclusive evidence of open or closed intersystem 

crossing channel.  We should note however, that intersystem 

crossing channel is virtually negligible in both "parent" 

molecules, in perylene and in 7-HC.55 Therefore, we expect that 

the main relaxation channel in compound 4 is internal 

conversion, and that it is responsible for a fluorescence 

quantum yield lower than in perylene.  

It has to be said that the results of investigation presented here 

are only a guideline, and do not resolve the problem of various 

possible channels of excitation energy deactivation.  Review of 

the literature dedicated to hydroxycoumarins53-55,64-66,77,78 shows 

that their fluorescence is highly sensitive to the influence of 

solvents and that for interpretation of the observed effects may 

be necessary to consider formation of complexes with the 

specific stoichiometric ratio’s between compound 4 and solvent 

molecules.  Such the interactions can change both, radiative and 

nonradiative, channels of the excited state deactivation. 

Compound 4 is difficult to dissolve in liquid n-alkanes and thus 

we were not able to monitor the absorption (as well as 

emission) spectrum of the monomers of this compound in n-

nonane, even with prolonged hand-shaking of a mixture.  In 

order to increase solubility, we treated a solution with 

ultrasonication, which broke the 4 material into smaller pieces, 

and then the obtained mixture was quickly frozen to 5 K.  The 
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absorption and emission spectra of the solution of 4 in n-

nonane, prepared in this way, are presented in Fig. 6.  

300 400 500 600 700

0,0

0,2

300 400 500 600 700

30000 25000 20000 15000

A
b

s
o

rb
a

n
c
e

  [nm]

[cm
-1
]

 

fluorescence


exc

=450 nm

 

Fig. 6 Absorption and emission (its intensity in arbitrary units) spectra of 4 in n-

nonane at 5 K.  These spectra we attribute to microcrystals. 

The beginnings of the spectra are shifted to lower energy as 

compared with the spectra of 4 in acetonitrile.  Such a red 

spectral shift confirms that in the n-nonane matrix, 

microcrystals of 4 contribute to the spectra, and the spectra do 

not reflect the presence of monomers of this compound 

(compare the results of the calculations obtained for dimers of 4 

shown in Supporting Information in Table S3 and Fig. S1).  In 

the fluorescence spectrum, we observed a small peak at 

around 515 nm (~19400 cm-1), which we attributed to the (0, 0) 

line of the microcrystals.  Assuming that the energy of the (0, 0) 

line of a monomer of 4 is located at ~460 nm (21700 cm-1), we 

may estimate that the crystal shift energy is ~2300 cm-1.  This 

energy is in reasonably good agreement with ~1600 cm-1, the 

value obtained for the parent compound perylene.79 

Conclusions 

The moderate electron density of naphthalene and at position 5 

of 7-hydroxycoumarin makes it possible to perform 

intramolecular dehydrogenation in the presence of strong Lewis 

acid. The various mechanisms, hence electronic requirements 

of oxidative aromatic coupling and Scholl reaction are 

responsible for drastically different results of dehydrogenation 

under various conditions. The π-expansion of 7-

hydroxycoumarin (7-HC) to the compound 4 is associated with 

a large (approaching ~9000 cm-1) reduction of the transition 

energy between the S0 and S1 states, and a threefold increase of 

the fluorescence quantum yield.  This transition takes place 

between the HOMO and LUMO electronic configurations, both 

orbitals being of the * type.  The HOMO and LUMO orbitals 

are extended throughout the whole molecule and their shapes 

are perylene-like.  Compound 4 retains a large dipole moment 

characteristic for 7-HC.  The vibronic structure of the S0S1 

transition is built on the perylene-like vibrations, but it is 

obscured by many more vibrations due to the lower symmetry 

of compound 4.  The n*, and also the triplet, states of 

compound 4 appear to not play a significant role in energy 

relaxation from the lowest excited S1 state. An open issue is 

extension of characterization of compound 4 in its specific 

intermolecular interactions, taking into account its different 

ionic forms.   
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