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Abstract 

The photophysics and photochemistry of 4-hydroxybenzophenone (4HOBP) are interesting because 

they can give some insight into the behavior of humic material.  Here we show that 4HOBP has a 

number of fluorescence peaks: (i) an intense one at excitation/emission wavelengths Ex/Em ∼200-

230/280-370 nm, likely due to an excitation transition from S0 to S5 or S6, followed by S2 → S0 in 

emission (Sn denote the singlet states of 4HOBP); (ii) a minor peak at Ex/Em ∼270-300/320-360 nm 

(S0 → S2 in absorption and S2 → S0 in emission), and (iii) very interesting signals in the typical 

emission region of humic substances, most notably at Ex/Em ∼200-220/400-500 nm and Ex/Em 

∼260-280/400-470 nm (in both cases the emission corresponded to a S1 → S0 transition).  The peak 

(i) (Ex/Em ∼200-230/280-370 nm) is quite intense at low 4HOBP concentration values, but it 

undergoes an effective inner-filter phenomenon.  Remarkably, 4HOBP shows fluorescence peaks 

that derive from S2 → S0 transitions and that do not follow Kasha's rule.  Fluorescence is observed 

in aprotic or poorly protic solvents, and to a lesser extent in aqueous solution.  The excited states of 

4HOBP, and most notably 4HOBP-S1, are much stronger acids than 4HOBP-S0.  Therefore, excited 

4HOBP is quickly deprotonated to 4OBP−-S0 in ∼neutral solution, with a considerable loss of the 

fluorescence properties.  Higher fluorescence intensity can be observed under acidic conditions, 

where excited-state deprotonation is less effective, and in basic solution where the dissociated 

4OBP−-S0 form prevails as the ground state.  The excited states of 4OBP− are formed directly upon 

radiation absorption, and being weak bases they do not undergo important acid-base equilibria. 

Therefore, they can undergo radiational deactivation to produce a significant fluorescence emission.  

 

Keywords: Excitation-emission fluorescence matrix; phototransformation; density functional 

theory; Kasha's rule. 
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1. Introduction 

The 4-hydroxybenzophenone (4HOBP) is an interesting compound for photochemistry studies 

because its ground singlet state is a weak acid with pKa ∼ 8,1 while the excited singlet and triplet 

states are strong acids.  This issue significantly affects the photoluminescent and photochemical 

behavior of 4HOBP in protic solvents and particularly in aqueous solution, where undissociated 

4HOBP absorbs radiation and its excited states undergo quick deprotonation, to give at some stage 

the anionic species 4OBP− in its ground state.  The latter is readily protonated to produce the 

starting compound 4HOBP.2-4  In the overall process the photon energy is lost non-radiationally, 

which explains a number of observations: (i) the fluorescence intensity of 4HOBP is much higher in 

aprotic solvents than in water;3 (ii) the first excited triplet state of 4HOBP is easily detected by laser 

flash photolysis in aprotic solvents, but it is not detected in aqueous solution;2-8 (iii) 4HOBP is a 

rather efficient photosensitizer that induces the photodegradation of other compounds in aprotic or 

weakly protic solvents, but its photosensitizing ability is lost in aqueous solution.3,9 Interestingly, 

most of the cited aqueous-solution studies have been carried out at ∼neutral pH. 

Another interesting feature of 4HOBP is that its fluorescence spectrum shows a peak at excitation 

wavelengths around 300 nm and emission wavelengths above 400 nm,3 which remarkably overlaps 

with the so-called "peak C" of humic substances.10,11  Indeed, a very fast, cheap and efficient way to 

detect the occurrence of humic compounds in natural water samples is to use the fluorescence 

spectroscopy and, most notably, the excitation-emission matrix (EEM) technique. In the presence of 

humic material, two peaks at excitation/emission wavelengths Ex/Em = 230-260/400-500 and 300-

350/400-500 nm are usually observed, respectively named "peak A" and "peak C".10,11  

Surprisingly, the fluorescence spectrum of 4HOBP has been reported only very recently,3 and a 

detailed mechanistic understanding of its features is still missing.  The fluorescence properties of 

humic substances are widely used to characterize surface water samples and to assess the origin and 

environmental processing of the organic matter they contain,12-15 but the actual reasons behind the 

fluorescence emission of the humic material are still very elusive.  Fluorescence emission 

wavelengths around 500 nm could be accounted for by phenol oligomers,16 but it is clear that any 

compound with fluorescence emission in the region(s) of "peak A" and/or "peak C" of humic 

substances deserves particular attention. A detailed understanding of the relevant photophysical 

pathways can help elucidating the nature of the transitions behind humic fluorescence.  Another 

reason that could make 4HOBP an interesting model for the photochemistry of humic compounds is 

that the latter are probably aggregates of smaller molecules,17,18 where the most hydrophilic ones 

are located at the surface in contact with water, and the hydrophobic ones form a waterless inner 

core.  The hydrophobic cores of humic substances are locations where an unusually elevated 

concentration of 1O2 can be detected under illumination (much higher compared to the solution bulk 
19,20), which could play an important role in the photochemical degradation of hydrophobic 
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pollutants.  There is evidence that part of the reason for the elevated 1O2 concentration in 

hydrophobic cores is that the lifetime of 1O2 is higher in waterless environments.21,22  However, a 

compound such as 4HOBP is interestingly able to produce 1O2 when irradiated in aprotic or weakly 

protic solvents, but no 1O2 photoproduction takes place in water.3  Considering that benzophenone 

derivatives are quite common in natural humic material,23,24 compounds like 4HOBP might 

contribute to elevated 1O2 levels in hydrophobic environments while their photoreactivity would be 

quenched at the interface with water. 

The electronic structure of the first excited states of 4HOBP, in particular S1 and T1, has been the 

object of early studies.7,8 Labels like nπ* and ππ* have been used to name these states based, in 

part, on their capability to abstract hydrogen atoms from suitable substrates (phenols and benzyls).25 

Moreover, the nature and energy position of these states is sensitive to the polarity and hydrogen-

bond forming capability of the solvent.4,6 However, although very attractive, the description of the 

excited states as a single configuration generated by only one electronic excitation from an occupied 

molecular orbital to a virtual molecular orbital is too coarse.  The excited states often show a 

multiconfigurational nature, i.e. they are described by several electronic configurations each 

corresponding to different excitations from occupied to virtual orbitals (where the HOMO-LUMO 

transition is only one of them).  In this work we intend to analyze the electronic structure of the 

excited states with a more accurate approach, based on the analysis of the change of the electronic 

density going from the ground to the excited states.  The electronic densities of the latter are 

obtained through the combination of the coefficients of the configurations, as found in the TD-DFT 

outputs and the molecular orbitals.  This allows a graphic representation of the difference in 

electronic densities between the ground and the excited state.  Moreover, this work aims at 

elucidating the nature of the transitions leading to the observed absorption and, most notably, 

fluorescence spectrum of 4HOBP. 

2. Materials and methods 

Solutions of 4-hydroxybenzophenone (Acros Organics, >99%) were prepared in water (Milli-Q 

quality, resistivity 18 MΩ cm, DOC < 0.01 mg L−1), acetonitrile (Aldrich, 99.9% HPLC gradient 

grade) and 2-propanol (Aldrich, >98%).  In some experiments, the pH value of the aqueous 

solutions was adjusted with HClO4 (Aldrich, 65% w/w) or NaOH (Aldrich, >98% reagent grade) 

and it was measured with a Metrohm 602 combined glass electrode, connected to a Metrohm 713 

pH meter.  When required, oxygen-free and pure-oxygen atmospheres were obtained by purging the 

solutions with a gentle flow of, respectively, Ar (Sapio, Monza, Italy, grade 5.5, 99.9995%) and O2 

(Sapio, grade 2.5, 99.5%). 
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The absorption spectra of 4-hydroxybenzophenone (4HOBP) were measured with a Varian Cary 

100 Scan UV-Vis double-beam spectrophotometer, using quartz cuvettes (Hellma, 1.000 cm optical 

path length).  The excitation-emission matrix (EEM) fluorescence spectra were taken with a 

VARIAN Cary Eclipse Fluorescence Spectrofluorimeter, 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.  

Other emission spectra were measured upon excitation at a single wavelength, and the excitation 

spectra were taken by fixing the emission wavelength while varying the excitation one.  All the 

spectra were measured 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)26-28 with the 

Pople basis set 6-31+G(d).29,30  Solvent effects (ACN, 2-propanol and water) to the electronic 

energies were introduced in all calculations (ground and excited state optimizations and single point 

calculations) by the Polarized Continuum Method (PCM)31,32 within the universal Solvation Model 

Density.33,34  The absorption spectra were obtained 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).35,36  This method provides a reasonable accuracy at reasonable 

computational costs (time and computing resources).37-40  On the basis of the literature and after a 

few tests on the absorption in ACN (Figure ESI1 in the Electronic Supplementary Information, 

hereafter ESI) we decided to use the functional PBE0.41-43 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.  The absorption spectra of 4HOPB in the three 

solvents were obtained through linear combination of gaussian functions centered on the calculated 

electronic transition frequencies, with relative height calculated from the oscillator strength as 

explained in references 44 and 45.  The geometry of 4HOBP was re-optimized in its excited states 

(singlet and triplet), and the difference between the energies of these states and those calculated for 

the ground state at the excited state geometries was taken as emission (fluorescence) energy.  For 

the proton transfer equilibria, the energies were refined through single-point calculations with the 6-

311+G(d,p) basis set46 and combined with the 6-31+G(d) thermal corrections to the free energy.  

Calculations were performed using the quantum package Gaussian 09-A.47  Figures 6 and 7 and 

Figures ESI6, ESI7 and ESI8 were obtained with the graphical program Molden.48  Figures 1a, 5 

and 8b and Figure ESI1 were obtained with the graphical program GNUPlot. 
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3. Results and Discussion 

3.1  Absorption and emission spectra 

The absorption spectra of 4HOPB in three different solvents (Figure 1a) were obtained from the 

electronic transitions from the ground state (S0), calculated at the TD-DFT level.  The agreement 

with experimental data (Figure 1b) is remarkably good.  The three main signals observed in 

acetonitrile (ACN) are well reproduced: the peak found at 283 nm (Du et al. report 284 nm)2 is 

calculated at 288 nm and corresponds to a S0 → S2 transition (oscillator strength f= 0.405, see 

Table ESI1.1b); the bump found at 249 nm (250 nm, Du et al.)2 is calculated at 252 nm (S0 → S5, 

f= 0.151); the bump found at 221 nm (222 nm, Du et al.)2 is a combination of transitions calculated 

at 230 (S0 → S6, f= 0.0891) and 220 nm (S0 → S7, f= 0.0684).  The strong absorption below 210 

nm, well reproduced by the calculations, is a combination of several transitions calculated at 194 

and 193 nm (with participation of other less intense transitions, see Table ESI1.1b).  A weak 

absorption (f= 0.005) corresponding to the S0 → S1 transition is also calculated at 327 nm but the 

strong band at 283 nm partially hides it.  Clear traces of this transition can be found in the tail of the 

stronger band in the experimental spectrum, so it is possible that the calculation underestimates its 

oscillator strength.   

The bathochromic effect on the lower energy transition, due to protic solvents (2-propanol and 

water), is also reproduced.3  The maxima found at 294 (2-propanol) and 296 nm (water) are 

calculated with an error of 2 nm, respectively, at 292 and 294 nm (both S0 → S2 transitions).  The 

bumps found at 249 nm (2-propanol) and 260 nm (water) are calculated at 255 and 257 nm (both S0 

→ S5 transitions), while those found at 230 nm (2-propanol) and 226 nm (water) are combinations 

of transitions calculated, respectively, at 230 and 210 nm and at 229 and 218 nm.  As for ACN, the 

S0 → S1 transitions (321 nm in 2-propanol and 317 nm in water) are predicted to be very weak 

(f=0.008 and 0.011).  Indeed, the solvent effect does not seem to be very remarkable (∼0.1 eV), but 

this is possibly due to the fact that the studied solvents are all already quite polar.  Larger effects 

have been observed by comparing pure apolar cyclohexane with alcohols-cyclohexane mixtures.4 

The optimization in ACN of the structures of the excited states allowed the calculation of the 

electronic transitions from these states to the ground state S0.  These transitions, that should 

correspond to the emission spectra, are calculated at: (i) 521 nm from the first triplet state T1; (ii) 

504 nm from the first singlet excited state S1; and (iii) 337 nm from the second singlet excited state 

S2.  For the triplet state T1 the absorption spectrum in ACN was also calculated (see Table ESI1.4b 

and Figure 1c), finding two intense transitions at 319 and 498 nm. These are in quite good 

agreement with the absorption maxima at 330 and 520 nm registered in the laser flash photolysis 

(LFP) experiments reported in our previous paper,3 and with 518 nm reported by Mittal et al. 6    
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 (a) 

 (b) 

 (c) 

Figure 1. Calculated (a) and experimental (b) absorption spectra of 4HOBP in ACN (red line), 2-

propanol (green line) and water (blue line), the latter with pH adjusted to 1.0 with HClO4. (c) 

Calculated absorption spectrum of the T1 excited state of 4HOBP in ACN. 
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Figure 2 shows a semi-quantitative picture of the potential energy curves of the S1, S2 and T1 

excited states and of the ground state S0 (details can be found in ESI).  Vertical dashed lines in 

Figure 2 represent the radiative transitions.  Arrows pointing upward are absorptions leading to the 

excited states and starting from the minimum of the energy curve of S0.  Arrows pointing 

downwards, starting from the minima of the excited states and reaching the S0 potential curve, 

represent the emission.  R is an arbitrary parameter representing the geometrical distortion from the 

equilibrium geometry of the ground state.  Further details on how Figure 2 was obtained and on the 

exact meaning of the R parameter are reported in ESI, page 4.   

 

Figure 2. Potential energy curves (in eV) of states S0, S1, S2, and T1 as a function of the arbitrary 

parameter R (arbitrary unit, a.u.), representing the geometrical distortion from the equilibrium 

geometry of the ground state. Values in eV and nm refer to radiative transitions (see text and ESI). 
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Although approximate, this picture relates with the actual change of the optimized structures of the 

excited states with respect to the starting geometry, which corresponds to the ground state.  Figure 

ESI2 reports the most important geometrical parameters of S0, S1, S2 and T1, along with the 

standard  deviations (in atomic units, a.u.) of the geometries of the excited states with respect to S0.  

The standard deviations are 0.068 a.u. for T1 (R is 0.642); 0.083 a.u. for S2 (R is 0.655); 0.297 a.u. 

for S1 (R is 1).  These data confirm that R and the standard deviations are of the same order 

(although not linearly correlated).  A precise correlation among the standard deviations and the 

parameter R is impossible because the potential energy surfaces are intrinsically multidimensional.  

However, we can observe that the largest contributions to the structural changes are given by the 

dihedral angles between the phenyl rings (ΘA and ΘB in Figure ESI2).  In particular, ΘB changes 

from -24 in S0 to -87 in S1.  This large variation makes the simulation of the fluorescence from state 

S1 particularly difficult.  This problem is also the reason why the inclusion of the Franck-Condon 

factors in the simulation of the fluorescence of biphenyl was found problematic by Mennucci, 

Adamo and Jacquemin,40 and possibly it is an explanation of the large peak found in the “C-like” 

area of the EEM spectra.3 

The raw emission spectrum of 4HOBP in ACN showed important changes as a function of 4HOBP 

concentration.  At quite low 4HOBP levels (e.g. 0.01 mM, Figure 3a) there is a major peak at 

Ex/Em = 200-230/280-370 nm and a relatively small peak at Ex/Em = 270-300/320-360 nm.  The 

occurrence of two separate peaks is highlighted in the excitation spectrum reported in Figure 3b, 

which corresponds to the emission wavelength of 350 nm.  Highlighted on the latter figure are also 

signals that do not depend on 4HOBP, such as the Rayleigh scattering and the Raman signal of 

water.  Comparison with TD-DFT computations suggests that the emission found at 280-370 or 

320-360 nm could be assigned to the S2 → S0 transition, calculated at 337 nm.  To support this 

hypothesis we must note that, at the variance with state S1, state S2 shows a higher oscillator 

strength (0.472, compared to 0.001) and its geometry is closer to that of the ground state (see 

Figure 2 and text above), determining a larger Franck-Condon factor.  All these factors should 

increase the probability of decay from state S2 through a radiative transition.  This suggests that 

4HOBP does not follow Kasha's rule,49 according to which the fluorescence emission takes place 

from the lowest excited state (S1).  Although quite uncommon, emissions from excited states upper 

than S1 and violating the Kasha's rule have already been observed.50,51  The molecule closer to our 

system is o-hydroxybenzaldehyde, which showed fluorescence from the S2 state.52  

According to the calculation results reported in Figure 2 the state S2 should be reached upon 

absorption of radiation at 288 nm, but the main fluorescence peak was centered at the excitation 

wavelengths of 200-230 nm.  This may be consistent with an excitation to vibrationally excited S2, 

followed by radiationless vibrational decay and by radiative emission.  However, coherently with 

both experimental and computational data, a different rationalization for the main fluorescence peak 
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could be put forward: it could be due to an excitation to S5 or S6 states (the respective electronic 

transitions are calculated at 252 and 230 nm, with oscillator strengths of 0.150 and 0.089), followed 

by radiationless decay through internal conversion to S2.  The small peak in the EEM spectrum at 

270-300/320-360 nm corresponds to the peak at 280-290 nm in Figure 3b, in agreement with 

calculations, and is consistent with a S0 → S2 transition in excitation and with S2 → S0 in emission.  

Because the two peaks are clearly distinct in both the EEM and excitation spectra, the hypothesis 

that the most intense one is due to a S0 → S5/S6 transition in absorption looks more likely. 

    
    (a)        (b) 

    
    (c)       (d) 

Figure 3. EEM spectra of 4HOBP in ACN (excitation slit width 10 nm, emission slit width 10 nm) 

at 4HOBP concentration values of 0.01 mM (a) and 0.1 mM (c).  (b) Excitation spectrum 

of 0.01 mM 4HOBP in ACN, corresponding to a fixed 350 nm emission wavelength (S2 

→ S0 transition). Sn represents an energy state higher than S2, or vibrationally excited S2. 

(d) Excitation spectrum of 0.1 mM 4HOBP in ACN, corresponding to a fixed 420 nm 

emission wavelength (S1 → S0). Note the two peaks at ∼220 and ∼290 nm, which are 

coherent with the absorption bands of 4HOBP (Figure 1b), and the presence of the 

second harmonic of the Rayleigh scattering. 
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The EEM spectrum of 4HOBP underwent important changes when increasing the substrate 

concentration.  The intensity of the main fluorescence peak decreased, while a couple of new peaks 

appeared at Ex/Em = 200-220/400-500 nm and Ex/Em = 260-280/400-470 nm.  Very interestingly, 

these peaks are in the same spectral region as "peak A" and "peak C" of humic substances.10,11  By 

mere comparison with TD-DFT data, in both cases the emission interval could be compatible with a 

T1 → S0 or a S1 → S0 transition that are calculated at, respectively, 521 and 504 nm. Although it is 

unusual to detect a radiative T1 → S0 transition (phosphorescence emission) at room temperature in 

solution, the emission wavelength interval compares well with the vibrationally resolved spectra of 

4HOBP registered in ethanol glass at 77 K, which show peaks at 433, 450, 475, and 518 nm.6  To 

better understand the nature of this radiative transition, 4HOBP emission spectra were measured in 

air, in pure oxygen and in oxygen-free atmosphere at different concentration values of 4HOBP in 

ACN.  The rationale is that the T1 state of 4HOBP undergoes energy transfer to O2, which is in 

competition with the emission of radiation.  The more important is the reaction with O2, the faster is 

the deactivation of T1 and the higher inhibition is expected for a T1 → S0 radiative process.  Indeed, 

the T1 lifetime was about halved when passing from an O2-free atmosphere to air, and it was 

decreased by an order of magnitude when passing from O2-free to pure O2.
3  As a consequence, 

under the hypothesis that the emission signal is due to a T1 → S0 transition, one would expect the 

signal intensity to decrease by about one order of magnitude when passing from an O2 - free to a 

pure O2 atmosphere.  The same effect would not necessarily be observed if the signal is due to a S1 

→ S0 transition, because of the very short lifetime of the excited singlet states of 4HOBP.3  The 

oxygen effect was studied on the 260-280/400-470 nm emission intensity ("C-like" peak), as the 

signal from the "A-like" peak was affected by the second harmonic of the Rayleigh scattering (see 

Figure 3c).  The results are reported in Figure 4, which shows that the differences between O2-free, 

aerated and pure-O2 systems were within the experimental uncertainty.  The unimportant effect of 

oxygen rules out the T1 → S0 transition as the cause of the observed emission signal, that is rather 

assigned to a S1 → S0 transition calculated at 504 nm, which alone is compatible with both the 

experimental emission wavelengths and the oxygen effect.   

From the above discussion one gets that the intensity of the "humic-like" fluorescence peaks 

increased when increasing the concentration of 4HOBP, while the other two peaks showed a non-

linear trend with 4HOBP concentration. On more quantitative grounds, Figure 5 reports the 

fluorescence intensity at Ex/Em = 310/420 nm ("C-like" peak) and at Ex/Em = 230/330 nm (main 

fluorescence peak at low 4HOBP), as a function of 4HOBP concentration. The 310/420 nm signal 

increased almost linearly with 4HOBP concentration (black triangles in Figure 5), in agreement 

with the fact that the absorbance of the solution was relatively low at 310 nm and null at 420 nm 

(see Figure 1b). An important inner-filter effect on either excitation or emission is thus excluded. 
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Figure 4. Fluorescence Intensity vs. Concentration of 4HOBP in ACN solutions, in air (black), O2 

atmosphere (red) and argon atmosphere (green). The fluorescence signal is that observed at Ex=300 

nm / Em= 420 nm, using 10 nm slit widths in both excitation and emission.  Error bars represent the 

standard errors of replicate experiments. 

 

Figure 5. Fluorescence Intensity vs. Concentration of 4HOBP in ACN solutions, referred to 

different fluorescence peaks. The black triangles represent the so called ''Humic-Like" C peak. As 

far as the other fluorescence peak is concerned, the red stars represent the raw emission data. The 

blue circles represent the emission intensity corrected for the inner-filter effect on excitation, and 

divided by 10 for scaling issues. Error bars represent the standard errors of replicate experiments. 

Slit width: 5 nm in excitation and 10 nm in emission. 
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The intensity of the 230/330 nm peak reached a maximum at 0.01 mM 4HOBP and decreased at 

higher 4HOBP concentration (red stars in Figure 5).  The decrease might be accounted for by an 

inner-filter effect on excitation (λex=230 nm, where there is important absorption by 4HOBP), while 

on the contrary 4HOBP is scarcely able to absorb radiation emitted at 330 nm (see Figure 1b).  The 

issue is that the spectrofluorimeter detects the fluorescence emission from a region located in the 

center of the cuvette, which is reached by the incident (excitation) radiation after it has traveled for 

∼0.5 cm inside the solution.  If we assume )(λ°p  as the incoming photon flux in solution, the 

photon flux of radiation that has traveled for a path length b can be expressed as follows: 

]4[230
410)()( HOBPb

b

nm
HOBPpp

ε
λλ

−
°=  

where 
nm

HOBP

230

4
ε  is the molar absorption coefficient of 4HOBP at 230 nm, [4HOBP] is the 

concentration of the substrate and b = 0.5 cm. By multiplying the fluorescence intensity data for the 

product 1)]()[( −
° λλ bpp  (>1) one can account for the inner-filter effect. The result of this procedure 

is represented as blue circles in Figure 5, showing that the trend with a maximum gets linearized 

when accounting for the solution absorbance. The correction did no longer work above 0.2 mM 

4HOBP, probably because the raw emission intensity was too low and it was probably affected by a 

considerable uncertainty. 

The EEM spectrum in 2-propanol (see Figure 2b in ref. 3) quite resembles that registered in ACN 

(see Figure 3 in this work).  The peaks found in 2-propanol were centered at excitation/emission 

wavelengths (Ex/Em) of: (i) 340/475 nm; (ii) 265/330 nm; (iii) 225/330 nm.  The missing peak in 2-

propanol is that interfered by the 2nd Rayleigh harmonic in ACN.  The weak 340/475 nm peak could 

be compatible with a S1 → S0 transition which is calculated at 505 nm (f=0.001), while the 265/330 

and 225/330 peaks could be compatible with a S2 → S0 transition that is calculated at 342 nm 

(f=0.600).  Fluorescence in water is discussed in section 3.3. 
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3.2  Electronic structures of the excited states 

The nature of the first two singlet excited states S1 and S2 and that of the first triplet state T1 of 

4HOBP was analyzed in terms of differential electronic density maps (Figure 6).  The figure clearly 

shows that all three excited states correspond to charge-transfer from the hydroxyphenyl moiety, 

involving both the phenyl π and the hydroxyl lone pair electrons, towards the anti-bonding orbitals 

located on the phenyl (π*) and carbonyl groups (πCO*).  Some contribution of an excitation from the 

non-bonding/lone pair nCO is also present.  On the basis of these data we can asses that these excited 

states correspond to mixed n-π* and π-π* configurations.  Differences can only be found by 

inspection of the coefficients and nature of the configurations that are reported as ESI.   

 

Figure 6. Differential electronic density maps for the states T1 (left), S1 (center) and S2 (right), with 

respect to S0.  Red areas correspond to a reduction in the electronic density, blue areas correspond 

to an increase in the electronic density.   

The electronic properties of the excited states are also well illustrated by the change in the 

electrostatic potential V compared to that of the ground state (Figure 7). Figure 7a (electrostatic 

potential in ACN) clearly shows that in all the excited states, and particularly in S1, the 

hydroxyphenyl moiety assumes an acid (and electrophilic) character while the benzoyl moiety (and 

particularly the carbonyl group) becomes more basic (more nucleophilic), as a result of the partial 

charge-transfer nature of these excited states.  It is noticeable that the oxygen atom of the hydroxyl 

group, which shows a small basic character in S0 (the small blue area opposite to the hydrogen and 

corresponding to the lone pair areas), becomes essentially neutral in S1 (the blue area becomes 

white) or less basic in T1 (the blue area becomes smaller).  The changes in the chemical and 

electrostatic properties of the excited states are even more evident in water (Figure 7b).  All the 

excited states show more acidic hydroxyphenyl moieties, with a loss of the basic character of the 

hydroxyl oxygen atoms.  Excited states in 2-propanol show similar behavior (see Figure ESI6).  

These electronic properties are expected to have consequences on the acid properties of the excited 

states. 
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Figure 7. Electrostatic potential V on the Van der Waals surfaces of the S0, T1, S1, and S2 states in 

ACN (a) and water (b).  Red areas correspond to positive V values (acid/electrophilic 

character), blue areas correspond to negative V values (basic/nucleophilic character).  
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3.3  Acid properties 

The exact calculation of the pKa of an acid is quite a though challenge.53  In this work we have 

found a reasonable model that allowed us to calculate the pKa of the ground state of 4HOBP in 

water, in good agreement with the experimental findings.  Our pKa value, 8.3, well compares with 

7.9 reported by Bhasikutta et al.
54 or with 8.5 reported by Porter and Suppan.8  Moreover, a value of 

8.21 can be estimated with the Hammett equation.55   Our model consists in the use of the water 

complexes of the undissociated 4HOBP and of the anionic 4OBP−, and of a water molecule and an 

ossonium cation:  

  [4HOBP (H2O)3]  +  (H2O)4  �  [4OBP (H2O)3]-  +  [H3O (H2O)3]+   (1) 

Figures of all complexes are reported as ESI (ESI7, ESI8).  The same protocol was used to 

calculate the deprotonation equilibria for the S1 and T1 states.  Using 2-propanol molecules, we 

calculated also the deprotonation equilibria of S0, S1 and T1 in this alcoholic solvent.  The results 

are collected in Table 1. 

 

Table 1. Equilibrium constants and pKa (in parenthesis) for the proton transfer from 4HOBP to the 

solvents water and 2-propanol. 

 Water 2-Propanol 

S0 9.0 10-11 (  8.3) 9.6 10-13 (12.0) 

S1 1.5 10-1    (-0.9) 2.4 10-1  ( 0.6) 

T1 4.9 10-2    (-0.4) 1.5 10-2  ( 1.8) 

 

Coherently with what was anticipated in paragraph 3.2, both the excited states S1 and T1 show a 

strong increase of the acidity compared to the ground state: the first singlet state in water is one 

billion times more acidic than the ground state, and the effect is even larger in 2-propanol where S1 

is one hundred billion times more acidic than S0.  The triplet states show almost the same strong 

increase of the acidity.  The calculation results are in reasonable agreement with experimental 

findings in water, according to which both 4HOBP-S1 and 4HOBP-T1 have pKa < 0.8  By contrast, 

despite the strong effect of the electronic excitation, the excited states of 4HOBP in 2-propanol still 

behave as weak acids.  The deprotonation of the 4HOBP-S1 and 4HOBP-T1 states in 2-propanol 

does not seem to be competitive with respect to the other decay processes, as testified by the 

similarity between the EEM spectra 3 registered in 2-propanol and in ACN where the deprotonation 

is not possible, being the latter solvent not basic. 
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The acidity of 4HOBP-S1 compared to the ground state has important implications for the 

fluorescence of 4HOBP in water.  Indeed, in a wide range of pH conditions the ground state would 

be undissociated but the S1 state, produced after radiation absorption, would quickly undergo 

deprotonation.  The absorption spectra of 4HOBP at pH 1 (occurrence of the undissociated form), in 

∼neutral pH conditions (mixture of 4HOBP and 4OBP− with a prevalence of the former) and at pH 

10 (4OBP−) are reported in Figure 8a.  The occurrence of the anion 4OBP− at pH 10 and its 

absorption spectrum agree well with the computations: the calculated absorption spectrum of 

4OBP− (Figure 8b, blue line) shows two peaks at 346 and 257 nm that correspond to the 

experimental maxima found at 348 and 250 nm.  

Figure 9 reports the fluorescence spectra obtained upon excitation of 4HOBP solutions at pH 1.0, 

6.1 and 10.0.  The spectra were measured at excitation wavelengths of 230 (9a), 258 (9b) and 311 

nm (9c), at which wavelengths the acidic form of 4HOBP has the same molar absorption 

coefficients as the basic one (see spectra at pH 1 and 10 in Figure 8a). Some of the peaks in the 

spectra correspond to Rayleigh or Raman signals. In the case of excitation at 230 nm one should 

consider the 4HOBP emission band at ∼ 320 nm, which has intensity order pH 1 ∼ pH 10 > natural 

pH (Figure 9a). The same trend is observed with the emission band around 360 nm produced upon 

excitation at 258 nm (Figure 9b). In the case of the emission above 400 nm upon excitation at 311 

nm, one has the intensity order pH 10 > pH 1 > natural pH (Figure 9c). In all the cases the solution 

at pH 10 showed significant emission which implies that, at equal absorbance, the basic form 

4OBP− is able to emit fluorescence radiation from its excited singlet states at a similar or even 

higher extent than the acidic form 4HOBP. In contrast, the solution at the natural pH always showed 

the lowest fluorescence intensity. At ∼neutral pH, radiation absorption by ground-state 4HOBP (pKa 

∼ 8) yields the molecule in an excited state (generically indicated as 4HOBP*, pKa < 0), which 

undergoes deprotonation in competition with fluorescence emission. Considering that the efficiency 

of fluorescence emission from 4OBP−* is similar to or even higher than that from 4HOBP*, it is 

unlikely that the deprotonation of 4HOBP* yields 4OBP−*. The low fluorescence emission of 

4HOBP at the natural pH is more plausibly accounted for by deprotonation of 4HOBP* to give 

ground-state 4OBP−, without photon emission. In acidic solution the deprotonation of 4HOBP* is 

inhibited to some extent, which leads to an increase in the fluorescence intensity. In basic solution, 

the ground-state 4OBP− is radiationally excited to 4OBP−*, which does not undergo acid-base 

equilibria and emits fluorescence photons with good efficiency. 
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 (a) 

 

 (b) 

Figure 8. (a) Absorption spectra of 0.1 mM 4HOBP in water solution, at different pH values: pH 

1.0 red line (adjusted with HClO4), pH 10.0 blue line (adjusted with NaOH) and natural 

pH (not adjusted, pH 6.1) black line. (b) Calculated absorption spectra in water of the 

anion 4OBP− (blue line) and of undissociated 4HOBP (red line). 
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   (a)       (b) 

 

   (c) 

Figure 9. Fluorescence emission spectra of 4HOBP 0.05 mM in aqueous solution, excited at 230 

(a), 258 (b) and 311 nm (c), at different pH values: pH 1.0 red line (adjusted with 

HClO4), pH 10.0 blue line (adjusted with NaOH) and natural pH (6.1, not adjusted) black 

line. 

4. Conclusions 

The fluorescence spectrum of 4-hydroxybenzophenone (4HOBP) shows signals at two different 

emission wavelengths, which is not typical and is accounted for by the fact that 4HOBP does not 

follow Kasha's rule.  Actually, both the S1 and S2 excited singlet states account for the observed 

fluorescence emission, with S2 giving the most intense signals.  The EEM spectrum shows two 

couples of fluorescence peaks; the first couple is centered at emission wavelengths ∼300-350 nm, 

corresponding to a S2 → S0 transition.  The most intense peak has Ex/Em ∼200-230/280-370 nm, 
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with the excitation wavelength corresponding to a transition from S0 to S5 or S6, or to a highly 

excited vibrational state of S2.  The excitation spectrum supports the former hypothesis.  This peak 

is quite intense at low concentration but undergoes a significant inner-filter effect that produces a 

decrease in intensity above 0.01 mM 4HOBP.  The less intense peak of this couple has Ex/Em 

∼270-300/320-360 nm, and it corresponds to a S0 → S2 transition in excitation.  The other couple of 

peaks has Ex/Em ∼ 200-220/400-500 nm and Ex/Em ∼ 260-280/400-470 nm, and in both cases the 

emission interval is consistent with a S1 → S0 transition.  These peaks are interesting because they 

fall in the respective regions of the "peak A" and "peak C" of humic substances, and because 

aromatic carbonyls in general, and benzophenones in particular, are well-known components of 

humic matter.  Because the most intense peak arising from the S2 → S0 transition suffers from an 

inner-filter effect, and the "A-like" and "C-like" peaks are not very intense, there are concentration 

intervals where 4HOBP shows quite low radiation emission.  This could be one of the reasons why 

the fluorescence of 4HOBP has been described only recently.  The fluorescence of 4HOBP can be 

observed in aprotic or poorly protic solvents, and also in aqueous solution.  However, in water the 

fluorescence of 4HOBP is more intense at acidic or basic pH compared to ∼neutral solutions.  The 

likely reason is that 4HOBP-S0 is a relatively weak acid (pKa ∼8), while its excited states 

(4HOBP*) are strong acids.  In ∼neutral solution, ground-state 4HOBP is radiationally excited to 

4HOBP* that undergoes deprotonation to 4OBP−, in competition with fluorescence emission.  In 

acidic solution the fluorescence is more intense because the deprotonation of 4HOBP* is less 

efficient.  In basic solution, ground-state 4OBP− is excited to 4OBP−* that, not being involved in 

proton exchange, yields back 4OBP− through photon emission.  
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