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Abstract 

Compounds with fluorescence in the humic-like substances (HULIS) region are known to be 

formed under conditions where the oxidation (which could lead to the oligomerization) of phenolic 

compounds is operational, because of the formation of phenoxy radicals. However, there was no 

evidence to date that such fluorescence emission was really due to phenol oligomers. In this work, 

the fluorescence of phenol and some of its oligomers was studied by computational methods and it 

was compared with experimental data, when allowed by the availability of commercial standards. 

The oligomer fluorescence depends on the contribution of different stable conformers, which differ 

from one another for the dihedral angles between the aromatic rings. Differences in the dihedral 

angles are also observed between the ground states and the corresponding excited singlet states. The 

predicted wavelengths of fluorescence emission increase with increasing the number of aromatic 

rings, up to a plateau at around 450 nm. Compounds with more than three-four aromatic rings are 

not expected to show emission in a different range, because the transitions causing fluorescence 

involve only three consecutive rings. These results support the hypothesis that oligomers account 

for the fluorescence emission in the HULIS region, which has been observed under the 

photochemical and photosensitized transformation of phenolic compounds. 

 

 

Keywords: atmospheric photochemistry; oligomeric compounds; excitation-emission fluorescence 

matrix; phototransformation; density functional theory. 
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1. Introduction 

Humic-like substances (HULIS) are important components of the atmospheric aerosols, of which 

they affect for instance the ability to nucleate water droplets and to absorb sunlight [1-3]. HULIS 

share some common features with humic and fulvic acids found in surface waters and soils (such as 

for instance the optical properties), but they are much smaller than humic acids and possess a 

smaller fraction of aromatic moieties and a larger fraction of aliphatic ones [4]. HULIS account for 

an important part of the water-soluble organic carbon in atmospheric aerosols, and they are thought 

to originate from both primary (biomass burning, release of organic compounds from water and soil 

to the atmosphere) and secondary processes (atmospheric reactions) [5-12]. 

The characterization of HULIS has been carried out with different techniques, including mass 

spectrometry, IR and NMR spectroscopy [13-16]. Unfortunately, these techniques often require 

sample fractionation and enrichment steps that would be problematic for a routine analysis of 

atmospheric samples. In contrast, characterization by absorption and fluorescence spectroscopy 

allows information to be obtained with minimal sample pre-treatment [17,18]. 

Several potential processes that could generate HULIS have been studied in the laboratory. 

Among these, photochemical reactions involving phenolic compounds in the presence of triplet 

sensitizers produce species with many similarities (functional groups, absorption and fluorescence 

spectra, hygroscopic properties) to atmospheric HULIS [19-23]. Interestingly, the same processes 

induce phenol oligomerization through the corresponding phenoxy radicals [19, 23-25]. Phenol 

oligomers might or might not account for the observed properties, because additional compounds 

would also be formed under the same conditions. However, phenols and HULIS emit in clearly 

separated wavelength intervals [17,26,27], and the photochemical and photosensitized 

transformation of phenols produces a gradual shift of the fluorescence emission range towards the 

HULIS region [23].  

The testing of the hypothesis that the fluorescence in the HULIS region is accounted for by 

phenol oligomers (trimers, tetramers and so on) has to face the difficulty that these compounds are 

hardly available as commercial standards. To by-pass this problem, the present work carries out a 

quantum mechanical assessment of the fluorescence emission of phenol and of some of its 

oligomers, optimizing and validating the computational techniques by comparison with the 

available experimental data. By so doing, one can predict the fluorescence behavior of compounds 

for which standards are not available, and carry out a comparison with the known HULIS emission. 

2. Materials and methods 

The absorption spectra were measured with a Varian Cary 100 Scan UV-Vis double-beam 

spectrophotometer, using quartz cuvettes (1.000 cm optical path length). The excitation-emission 
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matrix (EEM) fluorescence spectra were taken with a VARIAN Cary Eclipse Fluorescence 

Spectrophotometer, with an excitation range from 200 to 400 nm at 10 nm steps, and an emission 

range from 200 to 600 nm with a scan rate of 1200 nm min−1. Excitation and emission slits were set 

at 5 nm for 0.1 mM phenol (Aldrich, 99% purity grade) and at 20 nm for 0.1 mM 4-phenoxyphenol 

(Aldrich, 99%). Spectra were taken in a fluorescence quartz cuvette (Hellma) with 1.000 cm optical 

path length. The Raman signal of water was taken as a reference for lamp intensity and signal 

stability within different measurements. 

The computational study was performed within the Density Functional Theory (DFT) [28-30] with 

the following procedure: we first optimized the geometries of the ground states, then we calculated 

the excitation energies with the Time- Dependent DFT (TD-DFT) [31,32]. This method provides a 

reasonable accuracy at reasonable computational costs (time and computing resources) [33-35]. The 

excitation energies calculated in this way correspond to the maxima in the absorption spectra, as 

this approach does not include vibrational contributions or dynamic solvent effects. Actually, our 

intent is not to fully reproduce the experimental absorption spectra, but only to identify the most 

important transitions and reproduce the fluorescence spectra. When more conformations are 

possible for a certain molecule, each set of transitions is reported scaled by the weight of the 

corresponding conformation (see details in the Supplementary Material, hereafter SM). In the 

following, each molecule was re-optimized in its first excited state, and the difference between its 

energy and the one calculated for the ground state at the excited state geometry was taken as 

emission (fluorescence) energy. Solvent effects (water) to the electronic energies were introduced 

both in geometry optimization and TD-DFT calculations by the Polarized Continuum Method 

(PCM) [36,37] within the universal Solvation Model Density [38,39]. There exist a wide variety of 

DFT functionals used in conjunction with the Time-Dependent approach. Therefore, a preliminary 

screening work was carried out and 17 different functionals were tested (see details in the SM). 

After the screening, we decided to use the mPWLYP functional (modified Perdew-Wang exchange 

functional) [40] and Lee-Yang-Parr correlation [41,42] with the Pople basis set 6-31+G(d) [43,44], 

because this method gives a suitable approximation of the experimental values and requests 

reasonable calculation time. Calculations were performed by the quantum package Gaussian 09-A 

[45]. Figures 2, 7 and SM1-SM7 (SM) and the Figures embedded in Tables in the SM were 

obtained with the graphical program Molden [46]. Figures 7 and SM2, SM4, SM6, SM7 in the SM 

show the differential electronic density maps at the excited state geometries in the electronic 

excitation, i.e. the graphic representation of the difference in electronic densities between the 

ground and the first excited state responsible for the fluorescence. In other terms, the red areas are 

where the electron comes from, while the blue area is where the electron goes (these areas roughly 

correspond to HOMO and LUMO in HOMO-LUMO dominated electronic transitions, as it is the 

case here). 
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3. Results and Discussion 

The absorption and fluorescence properties were calculated for a series of poly-para-

phenoxyphenols (Scheme 1): phenol, 4-phenoxyphenol (4PP), 4-(4-phenoxy)phenoxyphenol 

(4PPP) and 4-(4-(4-phenoxy)phenoxy)phenoxyphenol (4PPPP). For phenol and 4PP, the predictions 

of calculations were compared with the available experimental data. To confirm the predicted trend 

of the fluorescence emission wavelengths, partial calculations were also carried out for a 5-ring 

system (the latter calculations were referred to one conformation only, due to remarkable 

computational costs). 

 

 

 

Scheme 1. The poly-para-phenoxyphenols studied. 

3.1. Phenol 

The absorption spectra were calculated as a first issue. Phenol absorption bands were predicted at 

<230 nm and at ∼265 nm, in satisfactory agreement with the experimental data (see Figure 1a). As 

far as fluorescence is concerned, both the S2 → S0 and S1 → S0 transitions were calculated. For 

phenol, the predicted emission wavelengths (λem) were at 276 and 287 nm, respectively. Figure 1b 

reports the EEM spectrum of phenol, which shows fluorescence bands around excitation/emission 

(Ex/Em) wavelengths of ∼220/∼300 nm and ∼270/∼300 nm. The two bands with Ex/Em of 

∼220/∼600 nm and ∼270/∼600 nm are the second harmonics of the bands with emission at ∼300 nm. 

The excitation wavelengths correspond quite well to the experimental and calculated absorption 

bands of phenol, while there appears to be only one emission band (λem ∼ 280-320 nm). This band 

is consistent with the S1 → S0 transition, in agreement with Kasha's rule [47] according to which the 

S2 state would quickly undergo radiationless deactivation to S1, from where the fluorescence 

emission would take place. The spectroscopic properties of phenol have been the subject of several 

computational studies, the more recent of which have been performed with high-level ab-initio 

methods [48-51]. However, these are not directly comparable with our results because all 

calculations have been carried out in the gas phase. More interesting is a comparison with 

experimental data [52,53] concerning the change in the structural parameters that is quite well 

reproduced (see details in SM). 
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Figure 1. (a) Experimental absorption spectrum of 0.1 mM phenol and calculated transitions (AU = 

absorbance units). (b) EEM matrix of 0.1 mM phenol in aqueous solution. 

 

3.2. 4-Phenoxyphenol  

Differently from phenol that has just one conformer, 4-phenoxyphenol (4PP) has three different 

stable conformations (here indicated as 2a, 2b, 2c, see Figure 2). The main differences among the 

three conformers of 4PP are the two dihedral angles between the aromatic rings that, therefore, 

show different orientation one with respect to the other. 

 

Figure 2. The three conformers of 4-phenoxyphenol (4PP). 

 

Depending on the stability of each conformer, the relative abundance is predicted to be 2b > 2a > 

2c. Eighty transitions were calculated for each structure, and they were superposed to the 

experimental absorption spectrum. Figure 3a shows the results of this procedure. The comparison 

suggests that the experimental absorption band of 4PP around 200 nm would be the result of 
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multiple transitions involving the three conformers. The experimental band around 230 nm would 

be produced by several transitions in the interval 220-240 nm, while the band around 280 nm would 

be the consequence of transitions taking place at 260-270 and 290-300 nm. Overall, there is a good 

qualitative agreement between the calculated transitions and the experimental spectrum.  

To investigate the fluorescence properties of 4PP, the geometry of the first excited state of each 

conformer was determined. Based on the results obtained with phenol and in agreement with 

Kasha's rule, only the S1 → S0 transition was taken into account. As for the ground state, the S1 

state presents, apparently, three conformations (2aS1, 2bS1, 2cS1: their structures are reported in the 

SM) which differ, again, mainly for the values of the dihedral angles. Predicted transitions for the 
emission are at ∼355 nm (

01
2 SSa

→
) and ∼425 nm (both 

01
2 SSb

→
 and 

01
2 SSc

→
). The former is due to an 

electron transfer from the π framework of the phenoxy moiety to the π framework of the phenol, 

while the latter are both due to an electron transfer in the opposite direction (Figure SM2). 

The experimental fluorescence spectrum (EEM matrix) is reported in Figure 3b. It shows some 

linear features that do not depend on 4PP emission (they are the Raleigh scattering of the solution at 

λEm = λEx, its second harmonic at λEm = 2 λEx, and the Raman signal of water at λEm > λEx), two 

weak fluorescence bands at Ex/Em wavelengths of ∼220/∼350 nm and ∼280/∼350 nm, and two 

more intense bands at Ex/Em ∼220/∼425 nm and ∼300/∼425 nm. The excitation wavelengths 

roughly correspond to the two absorption bands of 4PP at ∼225 and ∼280 nm (S0 → S2 and S0 → S1, 

respectively). Even more significantly, one observes a remarkably good agreement between the 

predicted and the observed wavelengths of fluorescence emission: a couple of weak bands 
correspond to the 

01
2 SSa

→
 transition, and the other couple to 

01
2 SSb

→
 and 

01
2 SSc

→
. The excited 

electronic states 2bS1 and 2cS1 are generated, respectively, from the 2b and 2c conformers which 

represent 70% of the population, while the electronic state 2aS1 is generated from 2a which is the 

remaining 30%. This can explain why the emission bands at ∼350 nm (generated by 2aS1) are 

weaker than those found at ∼425 nm (generated by the most abundant 2bS1 and 2cS1).  
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Figure 3. a) Experimental absorption spectrum of 0.1 mM 4PP and calculated transitions. b) EEM matrix of 

0.1 mM 4PP in aqueous solution. 

3.3. 4-(4-Phenoxy)phenoxyphenol (4PPP) 

In the case of the three-ring system 4PPP, three conformers (3a, 3b, 3c) were found. They are 

described by the dihedral angles between the three aromatic rings (each conformer is described by a 

total of four dihedral angles). The structures of 3a, 3b and 3c are reported in the SM, and the 

predicted order of stability and abundance is 3a > 3c ∼ 3b. As before, eighty absorption transitions 

were calculated for each conformer and the main ones are reported in Figure 4. When considering 

the band broadening that is expected to take place in aqueous solution, one may predict that 4PPP 

would absorb radiation below 340 nm and that the identity/structure of the absorption bands would 

be partially lost (see Figure SM8 in the SM). 

 

Figure 4. Calculated absorption transitions of 4PPP. 
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A S1 state can be computed for each ground-state conformer, from which it mainly differs for the 

values of the dihedral angles (see the SM for the structures of 3aS1, 3bS1 and 3cS1). Interestingly, 

similar emission wavelengths (in the 447-448 nm range) are predicted for the three S1 → S0 

transitions. Coherently with this fact, we can observe that all three transitions are due to an electron 

transfer from the π framework of the phenol moiety to the π framework of the adjacent phenoxyl 

moiety (Figure SM4).  Therefore, 4PPP would emit fluorescence radiation around 450 nm.   

3.4. 4-(4-(4-Phenoxy)phenoxy)phenoxyphenol (4PPPP). 

The four-ring system 4PPPP has six different stable conformers (4a-4f, see SM) with comparable 

abundance, a partial exception being 4f that is the least stable. The conformers differ for the six 

dihedral angles between the aromatic rings. The absorption transitions of 4PPPP were derived with 

the usual procedure and they are shown in Figure 5. The large number of transitions covers with 

regularity the wavelength range up to at least 360 nm. Under these circumstances, the simulated 

absorption spectrum of 4PPPP would show an overall decrease of the absorption intensity with 

increasing wavelength, with limited spectral features (see Figure SM9 in the SM). It might be 

tempting to draw a parallel between such condition and the featureless pseudo-exponential decay 

with wavelength that is observed in the absorption spectra of humic substances in surface waters 

and of atmospheric HULIS [54,55]. However, the absorption spectra of humic compounds are 

thought to originate from inter-molecular charge-transfer interactions and not from molecular 

chromophores [55]. 

Similarly to 4PP and 4PPP, also in the case of 4PPPP the S1 conformers (4aS1-4fS1, see the SM) 

mainly differ for the dihedral angles. The predicted emission wavelengths for five of the conformers 

are very similar and range from ∼446 to ∼448 nm. For a sixth conformer (4b) the calculated 

emission wavelength is 434 nm.  
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Figure 5. Calculated absorption transitions of 4PPPP. 

 

 

3.5. Trends of the fluorescence emission wavelengths 

The calculated wavelengths of fluorescence emission are in good or very good agreement with the 

experimental data, when available (phenol and 4PP). Moreover, computational results predict an 

increase of the fluorescence emission wavelengths with increasing number of aromatic rings, which 

is shown in Figure 6. 
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Figure 6. Trend of the calculated fluorescence emission maxima of the investigated compounds (their different 

conformers are indicated on the plot), as a function of the number of aromatic rings. The 

experimental data (Exp: wavelength range of the measured emission band) for phenol and 4PP are 

also reported as ellipses near the relevant calculation results. 

 

4PP was the only case where two considerably different emission wavelengths were predicted for 

the various conformers. Both emissions were actually observed in the experimental spectrum, 

although the emission corresponding to conformer 2a was much weaker than the other one (2b + 

2c). Note that the conformer 2b would be the most stable and, therefore, the most abundant. 

The trend reported in Figure 6 shows a plateau in the calculated fluorescence emission maxima near 

450 nm, and there is very little difference between the emission wavelengths predicted for 4PPP and 

4PPPP. This trend is confirmed by the emission at 444 nm calculated for one conformer of the five-

ring system 4-(4-(4-(4-phenoxy)phenoxy)phenoxy)phenoxyphenol (4PPPPP), which is almost 

identical to the emission from 4PPPP. This issue can be reasonably explained when taking into 

account the nature of the excited states, looking at the differential electronic densities. From the 

graphical representation of the differential electronic density (Figure 7 reports the differential 

electronic density map for the conformer 4d of 4PPPP, the maps for the other conformers are 

reported in the SM), one can deduce that the excited states (S1) of the molecules with two or more 

rings show a charge-transfer (CT) character. All pictures show an electron transfer from the π 

orbitals of one aromatic ring to the π orbitals of a different aromatic ring (with some participation of 

the p orbitals on the oxygen atoms). In particular, for all the molecules with calculated fluorescence 

around 446-448 nm (4PPPPP, five out of six conformers of 4PPPP and all the three conformers of 
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4PPP), the electronic transfer is from the first aromatic ring (that bearing the hydroxyl group) to the 

second or the third aromatic ring. By contrast, the 434 nm emission from conformer 4b corresponds 

to a CT from the third to the second ring. For 4PP, the excited states emitting at 425 nm (2b and 2c) 

correspond to a CT from the first ring to the second, while the conformer emitting at 359 nm (2a) 

corresponds to a CT from the second ring to the first.  

 

 

Figure 7. Differential electronic density map between the states S1 and S0 in conformer 4d of 4PPPP.   

 

It is interesting to point out that the predicted emission at ∼450 nm is well within the fluorescence 

region of HULIS [4], and it is also very near the fluorescence signal observed upon 

phototransformation of phenolic compounds, under conditions where the formation of phenoxy 

radicals and the subsequent dimerization/oligomerization processes are quite likely [23,56]. The 

computational results presented here give support to the hypothesis that the observed fluorescence 

is accounted for by phenol oligomers: an ongoing oligomerization process, with formation of 

progressively larger systems with an increasing number of aromatic rings, would produce a 

fluorescence signal at wavelengths approaching 450 nm. At that point, the possible formation of 

larger compounds is not expected to cause an important modification of the emission wavelengths.  

Another interesting issue concerns the absorption spectra, where a gradual shift of the 

absorption towards higher wavelengths is predicted for the oligomers with more aromatic rings, 

together with a loss of the individual features of the different bands. An absorbance increase at 

higher wavelengths has been reported under conditions where oligomerization is operational, both 

in gas-solid systems and in solution, together with the appearance of a featureless decay of the 

absorption with increasing wavelength [22,56]. However, differently from the case of phenol 

oligomers, the experimental absorption was extended into the visible, which is most likely due to 

charge-transfer bands caused by interaction between electron donors and acceptors. Donors and 

acceptors might include phenols and aromatic carbonyls, respectively, that could be formed under 

oxidative conditions. The acceptor-donor inter-molecular interactions would be characterized by 
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efficient processes of internal conversion, with an efficient quenching of the possible fluorescence 

emission [55]. Therefore, phenol oligomers could account for the observed fluorescence emission, 

but their contribution to the experimental absorption spectra is expectedly limited. 

4. Conclusions 

Phenol dimers and oligomers are characterized by the presence of different conformers, which 

differ for the dihedral angles between the aromatic rings. Each conformer gives its own contribution 

to the absorption and fluorescence spectra of the investigated compounds. In particular, 4PP and 

4PPP have three stable conformers each, while 4PPPP has six conformers. The predicted 

wavelengths of fluorescence emission, which correspond to S1 → S0 transitions, increase up to a 

plateau when increasing the number of aromatic rings. Considering that the transitions producing 

fluorescence involve at most three aromatic rings, important changes in the emission wavelength 

are not expected when further increasing the molecular size. This issue is further supported by the 

calculated fluorescence emission of one of the conformers of 4PPPPP. 

The plateau in the predicted emission wavelengths is at around 450 nm, which is quite in the 

fluorescence range of HULIS. The oligomeric compounds might thus account for the HULIS-type 

fluorescence, which has been observed under conditions where phenol oligomerization was 

operational due to the formation of phenoxy radicals [23]. Interestingly, the plateau in the emission 

wavelengths predicts that a mixture of phenol oligomers could not show fluorescence in a different 

spectral interval than the one that is experimentally observed: the increasing molecular size would 

initially shift fluorescence from the phenolic region to the HULIS one, but further increases of the 

ring number are not expected to produce important modifications in the wavelengths of the 

emission signal. 
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1. Benchmark study 

The aim of the benchmark phase was to identify the proper combination of functional/basis set that 

could best describe the system, minimizing the calculation time but still allowing a good accuracy. 

All the benchmark tests were carried out using phenol as sample molecule. Every functional-basis 

set couple was used to optimize the geometry and calculate the absorption energy, within TD-DFT. 

The nature of the critical points was checked by vibrational analysis, and absorption was calculated 

just on minimums. The first step of this work was the choice of the basis set, using two different 

functionals. The results showed that the basis set is not so important because absorption does not 

change significantly when the basis set is modified. Because the larger basis sets make the 

calculation time longer and because the present work involves the study of rather large phenol 

oligomers, the chosen basis was the one that allowed the fastest calculations. 

The second step was the choice of the functional. After trying with some couples of combination 

and exchange algorithms, the final choice involved the couple giving UV-visible absorption that 

was nearer to the experimental data (phenol absorption spectrum in water, obtained by 

spectrophotometric measurements with a Varian Cary 100 Scan instrument using quartz cuvettes 

with 1 cm path length). The final goal was to simulate fluorescence. In agreement with Kasha's rule 

(Kasha, 1950), the considered transition in the choice of the functional-basis set couple, to be 

compared with experiment, was the one with the lowest energy. The absorption of radiation that is 

observed experimentally in the condensed phase (solution) shows rather large bands, while the 

calculations give a single value that would coincide with the maximum of the band. Phenol 

absorption in the UV-Visible range has two main peaks, one around 270 nm and another around 

210 nm. The latter absorption peak is common to all aromatic compounds that show a similar 

behaviour in the relevant spectral region. Therefore, this work was focused on the low-energy 

transition (∼270 nm), which is peculiar of phenol and which could approach the visible range within 

the studied oligomers. 

The functionals BLYP and PBEhPBE were tested with two Pople's basis sets (6-31+G(d) and 6-

311+G(d,p)) and with two correlation-consistent basis sets (Cc-pVTZ and Aug-Cc-pVTZ). A 

minimal variation of the calculated transition energy was achieved with a considerable increase of 

the calculation time, thus the Pople's basis sets were chosen. 

Other eight functionals were tested with these two basis sets. Considering the small variations of the 

predicted signal and the differences in calculation time, other seven functionals were additionally 

tested just with the smaller Pople's basis set. 

After the screening it was decided to use the mPWLYP functional (modified Perdew-Wang 

exchange functional and Lee-Yang-Parr correlation) with the Pople basis set 6-31+G(d), because 

this method gives a suitable approximation of the experimental values and requires reasonable 

calculation time. 
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The following chart reports the results obtained with the different combinations of functionals and 

basis sets. 

 

 
 
Basis sets used are: 
 

• 6-31+G(d) (Petersson et al., 1988; Petersson et al., 1991) 
• 6-311+G(d,p) (McLean et al., 1980; Raghavachari et al., 1980) 
• Cc-pVTZ (Dunning, 1989; Kendall et al., 1992; Davidson, 1996) 
• Aug-Cc-pVTZ (Dunning, 1989; Kendall et al., 1992; Davidson, 1996) 

 
Functional used are: 
 

• BLYP: Becke exchange functional (Becke, 1988) and the correlation functional of Lee, 
Yang, and Parr (Lee et al., 1988) 

• PBEhPBE: exchange functional of Perdew, Burke and Ernzerhof (Perdew et al., 1996) 
revisioned (M. Ernzerhof et al, 1998) and the gradient corrected correlation functional of 
Perdew, Burke and Ernzerhof (Perdew et al., 1996; Perdew et al., 1997) 

• B3LYP: Becke Three Parameter Hybrid Functionals (Becke, 1993) and the correlation 
functional of Lee, Yang, and Parr. (Lee et al., 1988) 
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• B3PW91: Becke Three Parameter Hybrid Functionals (Becke, 1993) and the gradient-
corrected correlation functional of Perdew and Wang (Perdew et al., 1996; Burke et al., 
1998) 

• CAM-B3LYP: a long range corrected version of B3LYP using the Coulomb-attenuating 
method (Yanai et al., 2004; Becke, 1993; Lee et al., 1988) 

• mPWLYP: Perdew-Wang 1991 exchange functional modified by Adamo and Barone 
(Adamo and Barone, 1998) and the correlation functional of Lee, Yang, and Parr (Lee et al., 
1988) 

• M06: the hybrid functional of Truhlar and Zhao (Zhao et al., 2006) 
• M06-L: the pure functional of Truhlar and Zhao (Zhao et al., 2006) 
• M06-2X: a variation of the hybrid functional of Truhlar and Zhao (Zhao et al., 2006) 
• TPSS: the τ-dependent gradient-corrected functional of Tao, Perdew, Staroverov, and 

Scuseria (Tao et al., 2003) 
• TPSSh: the hybrid functional using the TPSS functionals (Tao et al., 2003) 
• wPBEhLYP: the exchange part of screened Coulomb potential-based final of Heyd, Scuseria 

and Ernzerhof (Heyd et al., 2003; Izmaylov et al., 2006; Henderson et al., 2009) and the 
correlation functional of Lee, Yang, and Parr (Lee et al., 1988) 

• wPBEhPBE: the exchange part of screened Coulomb potential-based final of Heyd, Scuseria 
and Ernzerhof (Heyd et al., 2003; Izmaylov et al., 2006; Henderson et al, 2009) and the 
gradient corrected correlation functional of Perdew, Burke and Ernzerhof (Perdew et al, 
1996; Perdew et al., 1997) 

• mPW1LYP: Perdew-Wang hybrid functional exchange modified by Adamo and Barone 
(Adamo and Barone, 1998) and the correlation functional of Lee, Yang, and Parr. (Lee et al., 
1988) 

• mPWPBE: Perdew-Wang 1991 exchange functional modified by Adamo and Barone 
(Adamo and Barone, 1998) and the gradient corrected correlation functional of Perdew, 
Burke and Ernzerhof (Perdew et al., 1996; Perdew et al, 1997) 

• mPWLYP: the Perdew and Wang functional exchange modified by Adamo and Barone 
(Adamo and Barone, 1998) and the correlation functional of Lee, Yang, and Parr. (Lee et al., 
1988) 

• PBEh1PBE: the hybrid functional that use a revised form of PBE pure functional (exchange 
and correlation) (Ernzerhof et al., 1998) 
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2. Optimized structures 

 

4-Phenoxyphenol (4PP) 
 
Differently from phenol, 4PP has three different stable conformations: two of them are very similar 
in energy, while the third is quite different. The main difference regards the dihedral angles between 
the aromatic rings. The dihedral angles are reported below (units are in degrees), together with the 
relevant structures. 
 

Theta (θ) is measured considering two carbon atoms of the first aromatic ring, the oxygen and one 

carbon atom on the second ring. The omega (ω) angle is measured considering one carbon atom of 

the first ring, the oxygen and two carbon atoms of the second ring. The first ring is the one with the 

OH function, the other one is the second ring. 
 
 
 
The theta (θ) angle is the one identified by 
a-b-c-d atoms, while omega (ω) angle is 
identified by b-c-d-e atoms. 
 
 

Figure SM1. The 2a conformer of 4PP. 
 
 
 
 
 

 

Ground State - 4PP 

Name Structure (θ) (ω) ΔG (Kcal/mol) Weight 

 
 
 
 
 
 

2a 

 

 
 
 
 
 
 

88 

 
 
 
 
 
 

4 

 
 
 
 
 
 

0.305 

 
 
 
 
 
 

0.32 
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2b 

 

 
 
 
 
 
 

-61 

 
 
 
 
 
 

154 

 
 
 
 
 
 

0 

 
 
 
 
 
 

0.53 

 
 
 
 
 
 

2c 

  
 
 
 
 
 

-129 

 
 
 
 
 
 

-152 

 
 
 
 
 
 

0.764 

 
 
 
 
 
 

0.15 

 
 
 
 
 
 
Excited state - 4PP 

Name Structure (θ)  (ω) ΔEnergy 

(Kcal/mol) 

Fluorescence 

(nm) 

 
 
 
 
 
 

2aS1 

  
 
 
 
 

53 

 
 
 
 
 

17 

 
 
 
 
 

8.88 

 
 
 
 
 

359 
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2bS1 

  
 
 
 
 

-176 

 
 
 
 
 

-109 

 
 
 
 
 

0.040 

 
 
 
 
 

425 

 
 
 
 

2cS1 

 

 
 
 
 
 

-4 

 
 
 
 
 

104 

 
 
 
 
 

0.000 

 
 
 
 
 

425 

 
 
 
 
 

 

 
2a 

 
2b 

 
2c 

 
Figure SM2. Differential electronic density map between state S1 and S0 in the different conformations of 4PP. 
 
 
 
The chart below shows the calculated transitions for the different conformers of 4PP (wavelengths 
and the force constants f are reported). 
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2a 2b 2c

f f f

301 0,027 315 0,028 318 0,025

297 0,007 296 0,012 296 0,021

275 0,009 289 0,105 293 0,117

273 0,001 271 0,003 272 0,001

267 0,033 269 0,024 269 0,030

263 0,023 267 0,072 266 0,075

257 0,001 258 0,001 261 0,001

254 0,008 256 0,014 255 0,021

252 0,001 252 0,024 251 0,020

247 0,005 243 0,016 243 0,003

242 0,010 243 0,005 243 0,025

242 0,001 240 0,003 239 0,001

236 0,302 237 0,005 238 0,001

235 0,016 235 0,003 237 0,003

233 0,032 233 0,020 233 0,013

232 0,017 232 0,005 231 0,008

228 0,003 230 0,014 229 0,015

227 0,004 228 0,135 228 0,080

225 0,020 226 0,078 226 0,014

222 0,004 224 0,016 225 0,118

221 0,073 221 0,001 221 0,002

221 0,000 217 0,003 217 0,015

219 0,002 217 0,014 215 0,006

214 0,004 214 0,001 214 0,003

214 0,001 213 0,010 214 0,001

213 0,001 212 0,002 213 0,002

210 0,002 212 0,043 211 0,028

208 0,024 210 0,013 210 0,004

207 0,017 207 0,030 208 0,030

206 0,000 207 0,007 207 0,002

205 0,181 206 0,129 206 0,140

205 0,031 204 0,006 206 0,018

203 0,169 203 0,150 202 0,316

202 0,042 202 0,252 202 0,215

202 0,141 202 0,060 201 0,094

201 0,083 201 0,449 200 0,257

200 0,659 198 0,150 198 0,146

197 0,031 196 0,005 196 0,027

197 0,026 196 0,003 196 0,090

196 0,034 195 0,179 195 0,008

196 0,007 195 0,022 195 0,108

195 0,049 194 0,038 194 0,015

194 0,144 194 0,009 194 0,050

193 0,054 193 0,024 193 0,022

192 0,103 193 0,046 192 0,021

191 0,007 191 0,016 191 0,001

191 0,026 189 0,022 190 0,016

188 0,012 189 0,016 189 0,018

188 0,006 188 0,016 189 0,016

187 0,002 188 0,001 189 0,026

186 0,001 187 0,004 187 0,001

185 0,003 186 0,009 186 0,127

184 0,010 186 0,106 185 0,011

184 0,000 184 0,082 184 0,021

183 0,000 184 0,002 184 0,083

183 0,002 183 0,017 183 0,001

182 0,020 181 0,000 181 0,003

181 0,003 180 0,001 180 0,006

180 0,003 180 0,010 180 0,003

180 0,001 179 0,009 179 0,014

179 0,008 179 0,039 178 0,003

178 0,040 178 0,001 178 0,011

177 0,003 178 0,003 178 0,003

177 0,006 177 0,001 178 0,019

177 0,007 177 0,005 177 0,005

176 0,010 176 0,004 177 0,001

176 0,032 176 0,004 176 0,004

175 0,017 175 0,025 175 0,007

                Calculated transitions of 2rings structures (4PP) 

λ (nm) λ (nm) λ (nm)
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4-(4-Phenoxy)phenoxyphenol (4PPP) 
 
 
For this molecule, three different stable conformational isomers have been found. In this case as 
well, the difference among the optimized structures concerns the dihedral angles between the 
aromatic rings. The name of these angles is the same as that used for 4PP, with the difference that θ' 
and ω' represent the angles between the second and the third rings.  
 

 
  
The theta (θ) angle is identified by atoms a-b-c-d, 
omega (ω) is identified by atoms b-c-d-e, theta' (θ') 
is identified by atoms f-g-h-i, and omega' (ω') is 
identified by atoms g-h-i-j. 
 
 
    Figure SM3. The 3a conformer of 4PPP. 
 
 

 
 

Name (θ)  (ω) (θ')  (ω')  ΔG 

(Kcal/mol) 

Weights 

3a 88 4 117 165 0  0.47 

3b -123 -159 -66 -20 0.607 0.25 

3c -60 159 129 156 0.513 0.28 

 
Table SM1. Structure parameters and relative free energies of the 4PPP conformers. 

 
 
 
 

Name (θ) (ω) (θ') (ω') ΔEnergy 

(Kcal/mol) 

Fluorescence 

(nm) 

3aS1 3 83 117 162 0,071 447 

3bS1 -3 97 69 163 0,024 448 

3cS1 117 -106 -67 162 0  448 

 

Table SM2. Structure parameters, relative electronic energies and emission wavelengths of the 

4PPP excited state conformers 

 
 
The pictures in the next page report the structures of the ground (3x) and excited states (3xS1) of 
the three conformers of 4PPP. 
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3a 

 
 
 
 
 
 
 
 
 

3aS1 

3b 
3bS1 

3c 3cS1 

 
 

 
3a 

 
 

3b 
 

3c 
 
Figure SM4. Differential electronic density map between state S1 and S0 in the different conformations of 

4PPP. 
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The chart below shows the calculated transitions for the different conformers of 4PPP (wavelengths 
and the force constants f are reported). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

λ (nm) f λ (nm) f λ (nm) f

324 0,050 335 0,029 338 0,013

313 0,003 320 0,016 324 0,004

306 0,002 309 0,004 311 0,010

296 0,001 304 0,161 309 0,158

290 0,024 300 0,003 301 0,017

289 0,001 291 0,070 294 0,082

285 0,044 287 0,020 288 0,002

284 0,041 284 0,001 284 0,017

281 0,050 278 0,002 279 0,003

274 0,015 277 0,003 277 0,010

270 0,023 275 0,015 274 0,099

269 0,000 269 0,010 271 0,001

267 0,026 269 0,026 269 0,028

266 0,037 265 0,082 267 0,038

263 0,018 263 0,045 262 0,036

262 0,000 260 0,008 259 0,013

261 0,010 257 0,020 258 0,004

257 0,000 256 0,001 258 0,007

256 0,013 256 0,000 254 0,002

253 0,013 254 0,053 253 0,077

250 0,002 252 0,012 251 0,002

249 0,004 249 0,002 250 0,002

248 0,001 248 0,001 248 0,025

245 0,010 246 0,027 247 0,003

245 0,004 245 0,041 244 0,047

241 0,001 242 0,003 242 0,001

240 0,112 241 0,006 242 0,007

239 0,004 240 0,002 241 0,003

238 0,034 240 0,000 240 0,005

238 0,149 238 0,013 240 0,003

237 0,006 238 0,001 240 0,002

237 0,005 238 0,001 238 0,001

236 0,060 236 0,000 236 0,010

235 0,018 236 0,003 235 0,005

234 0,023 233 0,009 234 0,009

234 0,003 232 0,014 231 0,012

231 0,140 231 0,002 230 0,014

231 0,084 230 0,250 230 0,012

230 0,016 230 0,025 229 0,018

229 0,015 229 0,003 229 0,006

228 0,011 228 0,048 228 0,050

228 0,001 226 0,018 227 0,008

225 0,007 226 0,003 226 0,046

224 0,022 225 0,064 225 0,011

224 0,002 224 0,004 224 0,049

224 0,003 224 0,039 224 0,016

223 0,010 222 0,003 223 0,121

222 0,001 222 0,001 222 0,022

221 0,007 221 0,002 222 0,006

220 0,010 221 0,003 220 0,000

219 0,005 219 0,007 218 0,002

217 0,001 217 0,002 217 0,001

217 0,001 217 0,002 217 0,002

216 0,005 215 0,014 216 0,003

215 0,048 215 0,007 215 0,010

214 0,005 214 0,013 214 0,027

214 0,017 213 0,001 213 0,003

213 0,001 212 0,005 213 0,003

213 0,001 212 0,006 212 0,005

212 0,000 211 0,002 212 0,007

211 0,011 210 0,007 211 0,020

210 0,028 209 0,001 210 0,038

209 0,003 209 0,057 209 0,010

208 0,001 208 0,078 208 0,008

207 0,009 208 0,025 208 0,003

207 0,083 208 0,005 208 0,056

207 0,028 207 0,003 206 0,015

206 0,015 206 0,017 206 0,018

205 0,111 206 0,062 205 0,152

205 0,062 205 0,132 205 0,053

204 0,002 205 0,034 205 0,007

204 0,113 203 0,124 203 0,087

203 0,174 203 0,115 203 0,042

203 0,035 202 0,067 202 0,288

202 0,071 202 0,054 202 0,269

202 0,218 202 0,696 201 0,279

201 0,162 201 0,068 201 0,020

201 0,195 200 0,064 201 0,027

201 0,238 199 0,052 200 0,026

200 0,190 199 0,000 200 0,019

                               Calculated transitions for 3 rings structures

                     3a                      3b                      3c
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4-(4-(4-Phenoxy)phenoxy)phenoxyphenol (4PPPP) 
 

Six different stable conformational isomers of 4PPPP have been found. In this case as well, the 
difference among the optimized structures concerns the dihedral angle between the aromatic rings. 
The name of these angles is the same used in the case of 4PP, adding an apostrophe for the 
corresponding angles between the second and the third rings and inverted commas for the angles 
between the third and the fourth ring. 

 
 
 

 
The theta (θ) angle is identified by the atoms 
a-b-c-d, omega (ω) is identified by atoms b-c-
d-e, theta' (θ') is identified by atoms f-g-h-i, 
omega' (ω') by g-h-i-j, theta” (θ”) by k-l-m-n 
and omega” (ω”) by l-m-n-o. 
 
 
Figure SM5. The 4e conformer of 4PPPP. 
 
 

Name (θ) (ω) (θ') (ω') (θ”) (ω”) Energy ΔG (Kcal/mol) Weights 

4a 109 -9 137 148 58 28 0.242 0.17 

4b 93 -1 115 165 129 154 0.201 0.18 

4c -126 -156 130 152 -62 158 0.109 0.19 

4d -70 167 123 158 -121 -161 0.362 0.15 

4e -62 158 -76 -11 67 20 0.000 0.22 

4f -48 -36 -53 -33 55 27 0.878 0.09 

Table SM3.  Structure parameters and relative free energies of the 4PPPP conformers. 
 

 

Name (θ) (ω) (θ') (ω') (θ”) (ω”) ΔEnergy  
(kcal/mol) 

Fluorescence 
(nm) 

4aS1 161 -41 -176 89 64 23 0  448 

4bS1 53 35 103 -5 -14 -61 3.038 434 

4cS1 -163 -141 4 89 119 -23 0.044 447 

4dS1 -22 -46 -2 97 69 18 0.036 446 

4eS1 22 41 -4 -87 -62 -24 0.038 446 

4fS1 -19 -47 -4 102 73 14 0.017 448 

Table SM4. Structure parameters, relative electronic energies and emission wavelengths of the 

4PPPP excited state conformers. 
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The pictures below show the structures of the ground (4x) and excited states (4xS1) of the 
conformers of 4PPPP. 

 
 

4a 4aS1 

4b 4bS1 
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4f 4fS1 
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Figure SM6. Differential electronic density map between state S1 and S0 in the different conformations of 

4PPPP. 
 

 
 
 
The chart below shows the calculated transitions for the different conformers of 4PPPP 
(wavelengths and the force constants f are reported). 
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λ (nm) f λ (nm) f λ (nm) f λ (nm) f λ (nm) f λ (nm) f

349 0,042 342 0,027 352 0,019 345 0,040 342 0,007 357 0,008

339 0,012 327 0,009 338 0,015 335 0,009 335 0,015 342 0,007

323 0,004 320 0,002 327 0,009 323 0,003 322 0,025 332 0,008

320 0,009 317 0,004 321 0,129 316 0,001 314 0,039 327 0,171

318 0,205 309 0,028 319 0,008 312 0,187 309 0,018 321 0,009

311 0,003 304 0,026 311 0,023 308 0,005 307 0,064 316 0,007

306 0,004 303 0,149 309 0,022 306 0,006 304 0,029 311 0,125

304 0,046 301 0,004 306 0,097 302 0,043 302 0,002 310 0,056

301 0,005 298 0,001 301 0,043 301 0,005 301 0,002 304 0,009

299 0,018 297 0,005 300 0,024 298 0,028 298 0,005 301 0,002

297 0,002 296 0,019 298 0,007 294 0,012 294 0,057 298 0,002

294 0,122 291 0,000 290 0,034 290 0,041 291 0,007 292 0,165

287 0,004 288 0,002 288 0,012 289 0,004 288 0,009 290 0,030

286 0,000 284 0,003 286 0,086 285 0,004 286 0,133 290 0,008

284 0,007 282 0,037 285 0,040 283 0,091 285 0,025 286 0,001

283 0,005 282 0,002 284 0,005 281 0,018 281 0,021 285 0,012

279 0,040 279 0,001 283 0,000 280 0,001 276 0,002 283 0,010

277 0,000 278 0,001 277 0,000 276 0,002 276 0,005 279 0,000

275 0,005 276 0,001 275 0,007 276 0,016 275 0,008 274 0,003

275 0,013 274 0,118 274 0,078 274 0,027 273 0,049 273 0,109

274 0,013 272 0,011 273 0,023 273 0,005 271 0,047 272 0,008

271 0,029 271 0,001 270 0,021 270 0,028 270 0,001 270 0,002

269 0,010 269 0,039 268 0,007 270 0,005 269 0,001 269 0,000

267 0,005 268 0,027 267 0,000 268 0,002 268 0,003 268 0,018

266 0,007 267 0,029 267 0,003 266 0,010 267 0,013 267 0,005

266 0,007 266 0,032 266 0,013 265 0,005 267 0,021 266 0,025

263 0,047 264 0,003 266 0,003 264 0,030 266 0,011 265 0,006

263 0,055 262 0,001 262 0,016 264 0,020 264 0,034 264 0,002

262 0,054 260 0,020 261 0,058 262 0,070 262 0,001 261 0,013

260 0,028 259 0,000 261 0,004 260 0,010 260 0,001 260 0,042

257 0,001 258 0,001 260 0,016 259 0,000 259 0,023 258 0,017

256 0,001 258 0,005 256 0,004 258 0,035 257 0,003 257 0,001

255 0,001 257 0,067 255 0,002 257 0,012 256 0,009 255 0,003

255 0,003 256 0,003 255 0,021 255 0,001 255 0,075 255 0,000

254 0,021 253 0,006 254 0,037 254 0,033 254 0,006 253 0,023

253 0,008 253 0,040 252 0,047 253 0,000 254 0,004 253 0,004

252 0,015 253 0,003 252 0,005 252 0,009 252 0,044 252 0,076

252 0,020 252 0,000 252 0,014 252 0,017 252 0,004 252 0,004

250 0,006 252 0,005 250 0,020 251 0,045 251 0,020 251 0,064

250 0,079 251 0,004 250 0,000 250 0,001 250 0,002 249 0,017

249 0,000 251 0,002 249 0,002 250 0,010 248 0,001 248 0,012

248 0,003 247 0,002 247 0,002 248 0,026 246 0,028 247 0,000

248 0,000 245 0,002 246 0,001 247 0,012 246 0,003 247 0,001

247 0,018 245 0,008 246 0,002 246 0,002 246 0,001 246 0,000

246 0,022 244 0,014 245 0,070 245 0,023 245 0,005 246 0,008

245 0,030 244 0,004 245 0,055 245 0,001 243 0,001 245 0,004

244 0,002 243 0,028 245 0,009 244 0,002 243 0,002 245 0,001

243 0,018 243 0,020 244 0,004 243 0,004 243 0,003 244 0,001

243 0,007 242 0,007 243 0,002 242 0,009 242 0,009 243 0,017

243 0,003 241 0,002 242 0,013 241 0,006 240 0,003 242 0,010

241 0,005 240 0,005 242 0,000 241 0,004 240 0,012 242 0,013

241 0,006 239 0,069 241 0,014 240 0,003 240 0,004 242 0,012

240 0,002 238 0,164 241 0,005 239 0,003 239 0,001 241 0,048

240 0,013 238 0,011 239 0,001 238 0,007 238 0,005 241 0,010

239 0,005 238 0,004 238 0,014 238 0,011 238 0,001 240 0,020

239 0,009 238 0,006 238 0,008 238 0,008 237 0,007 238 0,007

238 0,054 237 0,006 237 0,003 237 0,001 237 0,000 238 0,014

237 0,003 236 0,001 237 0,002 237 0,002 236 0,015 238 0,002

236 0,018 236 0,001 237 0,012 237 0,003 236 0,062 237 0,004

235 0,013 236 0,001 236 0,006 236 0,009 235 0,004 236 0,032

235 0,013 236 0,089 236 0,001 235 0,002 235 0,005 236 0,010

234 0,004 234 0,004 234 0,009 234 0,078 235 0,003 236 0,003

233 0,017 234 0,002 233 0,003 233 0,012 235 0,002 235 0,001

233 0,056 233 0,002 233 0,007 233 0,001 234 0,005 235 0,002

232 0,013 232 0,041 233 0,003 232 0,048 233 0,012 234 0,015

232 0,003 232 0,011 232 0,000 232 0,041 232 0,026 233 0,005

231 0,007 231 0,010 232 0,004 232 0,003 232 0,013 233 0,007

231 0,002 231 0,023 231 0,029 231 0,021 231 0,142 231 0,007

230 0,003 230 0,014 231 0,007 230 0,041 231 0,225 231 0,014

230 0,043 230 0,001 230 0,008 229 0,030 231 0,063 231 0,002

230 0,003 230 0,015 229 0,022 229 0,026 230 0,009 230 0,002

229 0,002 229 0,012 229 0,001 229 0,077 229 0,046 229 0,004

228 0,008 229 0,016 228 0,005 229 0,016 229 0,005 227 0,008

228 0,014 228 0,005 228 0,011 228 0,121 229 0,021 227 0,013

228 0,018 227 0,121 227 0,077 228 0,016 228 0,001 226 0,009

227 0,102 227 0,028 227 0,032 227 0,049 228 0,008 226 0,036

226 0,047 226 0,000 227 0,002 227 0,007 227 0,003 226 0,005

226 0,008 226 0,027 226 0,019 226 0,042 226 0,018 225 0,001

226 0,055 226 0,018 225 0,031 226 0,006 226 0,003 225 0,027

225 0,002 225 0,044 225 0,041 225 0,002 225 0,010 225 0,001

          Calculated transitions for 4 rings structures 

                     4a                     4b                     4c                      4d                     4e                     4f
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Figure SM7. Differential electronic density map between state S1 and S0 in 4PPPPP. 
 

 

 

3. Weight function and simulated spectra 

The calculation of each structure required 80 transitions to be taken into account, starting from the 
lowest energy one. Such transitions were combined as Gaussian functions with the maximum on the 
wavelength of each transition. The combination was carried out by using the R language for 
statistical computing (R Development Core Team, 2008). 

As an example, the R script used to combine the absorption spectra of the 2a conformation of 
PhOPhOH is shown below. 

 

a=c(0.0270,0.0068,0.0085,0.0007,0.0328,0.0232,0.0005,0.0079,0.0007,0.0051,0.010

0,0.0006,0.3019,0.0164,0.0318,0.0171,0.0033,0.0042,0.0199,0.0039,0.0729,0.0001,

0.0015,0.0042,0.0014,0.0005,0.0019,0.0237,0.0165,0.0001,0.1806,0.0307,0.1687,0.

0421,0.1413,0.0833,0.6587,0.0310,0.0256,0.0335,0.0071,0.0487,0.1438,0.0543,0.10

29,0.0065,0.0258,0.0118,0.0059,0.0023,0.0012,0.0025,0.0097,0.0001,0.0000,0.0021

,0.0203,0.0029,0.0027,0.0012,0.0076,0.0398,0.0030,0.0059,0.0073,0.0104,0.0324,0

.0173,0.0033,0.0023,0.0665,0.0266,0.0324,0.0017,0.0077,0.0024,0.0168,0.0144,0.0

057,0.0074) 

b=c(301,297,275,273,267,263,257,254,252,247,242,242,236,235,233,232,228,227,225

,222,221,221,219,214,214,213,210,208,207,206,205,205,203,202,202,201,200,197,19

7,196,196,195,194,193,192,191,191,188,188,187,186,185,184,184,183,183,182,181,1

80,180,179,178,177,177,177,176,176,175,174,173,173,173,172,172,171,171,170,170,

169,169) 

c=c(3.5) 

xmin<c(200) 
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xmax<c(360) 

x<seq(xmin,xmax,length.out=200) 

nx=length(x) 

ng=length(b) 

y=data.frame(NULL) 

for (i in 1:ng) { 

   for (j in 1:nx) { 

   y[i,j]=(a[i]*exp(((x[j]b[i])^2)/(c^2)))         }} 

colsum<colSums(y) 

tabella<data.frame(x,colsum) 

write.csv(tabella,file="PhOPhOH_acqua.csv") 

The spectra of the different conformations were then linearly combined, by weighting for the 

different energy of the structures. The weight of each conformation was calculated as shown in the 

equation below: 

∑
−

−

RT

E

e

RT

E

e
=w

i

i

i

 

where Ei is the energy of the ith conformation and N is the number of considered conformations, 

three in this case (2a, 2b and 2c). In this way one obtains the simulated absorption spectra, which 

give some insight into the possible absorption of radiation by compounds for which standards are 

not available. The figures below show the simulated absorption spectra of 4PPP and 4PPPP. 
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Figure SM8. Spectra of the different conformations of 4PPP and their linear combination (simulated 

spectrum). 
 

 

Figure SM9. Spectra of the different conformations of 4PPPP and their linear combination (simulated 

spectrum). 
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