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Abstract  
 

The benzopyrone molecule coumarin is a popular fluorescent scaffold, but how chemical 

modifications affect its properties is not well understood. We investigated this using 

halogenated 7-hydroxycoumarin, unsubstituted 4-methylumbiliferone, and ortho-chloro 

and bromo substitutions on the phenolic ring. Charge density data from X-Ray diffraction 

and computational methods revealed that halogenation at the ortho position significantly 

reduced quantum yield (QY). Specifically, 7-hydroxycoumarin (1) had a QY of 70%, while 

ortho-chloro (2) and ortho-bromo (3) had QYs of 61% and 30%, respectively. Experimental 

data showed that these molecules excited similarly, but the electrostatic potential and 

dipole moments indicated that 2 and 3 dissipated excitation energy more easily due to 

charge separation. The heavy-atom effect of Cl and Br did not fully explain the QY 

reductions, suggesting other radiative decay processes were involved. By incorporating spin-

orbit coupling (SOC) effects, we estimated intersystem crossing (ISC) and phosphorescence 

rates, providing theoretical QYs of 78% for 1, 59% for 2, and 15% for 3. The large deviation 

for 3 was attributed to its higher SOC potential derived in computational calculations. Our 

overall findings indicate that 3’s reduced QY results from a mix of SOC-induced ISC and 

charge dissipation due to the electronegative of Br atom, while 2’s reduction is primarily 

due to charge separation caused by Cl alone. Further studies are needed to validate this 

approach with other scaffolds. 

Introduction  
 

Fluorescence is the ability for a molecule to emit light after being excited by an incoming 

photon. Research in fluorescence control is ever-growing, where tailored molecules (probes)  



may be used as signals for many chemical and biological processes.1-6 These processes 

include ion movement across membranes, chemical reactions, and bacterium detection.7-10 

Although, much research has been conducted in this area, there is ambiguity in 

understanding how the sensitivity and specificity of a fluorophore changes upon chemical 

substitution.11 Previous studies have found that certain substitutions in appended groups 

had unpredictable trends on the probe’s sensitivity or specificity.5, 12-15 These variations take 

form as changes in intensity, emission wavelength, lifetime or quantum yield (QY) which 

occur to the electron density between ground and excited states.9 An example of appended 

groups is halogenated probes that are known to quench better then amines, but have larger 

level of tunability based on pKa.16 Although, at the same time it is seen that within a series 

of probes fluorescence variations are created by the appendage position, number and type 

of halogens, which complicates their use.17  Considering other branches of medicinal 

chemistry, there are tools for drug design and crystal engineering18, leading to the question: 

Is there a way to rationally design and tailor the  photophysical behavior of fluorophores? 

From the governing principles of Franck-Condon (FC) and Herzberg-Teller (HT) factors  

fluorescence can be related to a molecule’s valence electron excitation behavior in response 

to photon excitation.8, 19 This means that examining the ground-state electron density 

distribution (EDD) using charge density combined with density functional theory (DFT) may 

allow a path to probe design.10, 20-33 Previously, we used crystalline geometries to explain 

excited-state charge movement in a fluorophore by an external modulator, imidazole, with 

density functional theory (DFT).34 In this manuscript, we explore internal appendage 

changes on a methylumbelliferone series (Scheme 1). Using photoluminescence studies, 

high-resolution charge density single crystal X-Ray diffraction and DFT calculations the 

effects of halogenation of the phenolic ring on QY is explored. It is hoped that these results 



simulate rational design of probes by exploring the EDD movement between electronic 

states. 

 

 

Scheme 1: Molecular representation of Substituted4-methyl umbelliferone, where X is the 

6th position. 1, X=H, 2 X=Cl and 3, X=Br.   

 

Methods  
Synthesis 

For compounds 2 and 3, halogenation of the, 6 position (Scheme 1) was achieved using 

Pechmann condensation reactions of 4-chlororesorcinol and 4-bromoresorcionol, 

respectively. The reaction of halogenated resorcinol with ethyl acetoacetate was performed 

using the method of Kinoshita et al.5 The products were characterized by single-crystal X-

Ray diffraction, and nuclear magnetic resonance, infrared spectroscopy, and mass 

spectrometry (ESI, Figure S3 and S4). 

 



Photophysical studies 

The luminescence of UV absorption, fluorescence excitation and emission, lifetimes, and 

relative QYs were obtained for 1, 2, and 3. Full experimental methods for gaining the 

photochemical results can be found in ESI, (Figure S5 – 7). The collections for the relative QY 

were obtained using the integrated emission spectra which was then plotted against the 

absorbance at 320 nm. The QY yield of 4-methylumbelliferone 1 is reported as 0.70.35 The 

relative quantum yields of 2 and 3 were calculated using the following formula: 

𝚽𝒔 =  𝚽𝒓 (
𝒎𝒔

𝒎𝒓
)

𝟐

      (1) 

𝚽 = Quantum yield 

m = gradient of the plot of integrated fluorescence intensity against absorbance 

r = reference 

s = sample 

 

Single Crystal Growth 

Single crystals of 1, 2 and 3 were grown via slow evaporation from a dichloromethane 

(DCM) solution. For all crystals, the samples were dissolved in excess DCM and then left to 

slowly evaporate covered with a single piece of parafilm. Crystals suitable for diffraction 

were formed within 1 week.  

 

X-Ray Diffraction data collection, data treatment, and refinement. 



The high-resolution X-Ray diffraction experiments were performed as follows. All single 

crystals were selected by hand using an Olympus SZ61 rotating stage microscope. The 

diffractions of 1, 2 and 3 were collected on a Rigaku SuperNova™ Dual Source System at 

MoKα (λ = 0.71073) with a CCD Atlas detector. Full diffraction experimental details including 

refinement techniques can be found in ESI. The topology of the crystalline ground states 

EDD was performed using XDPROP, within XD-2016.36 The topological analysis of all 

densities satisfied the Morse equation.37  

Computational methods 

Various computational methods employed in throughout this study will be described below 

according to application. All calculations were performed using ORCA 5.0.3.38 

Validation of the experimental EDD.  

To ensure the accuracy of the experimental ground-state EDD obtained via the multipole 

models (MMs); each compounds’ MM was compared to the EDD derived from a DFT 

wavefunction. The wavefunctions were obtained using the high-order cartesian coordinates 

(sin 𝜃/λ>0.8) with all covalent hydrogen bonds (X-H) fixed at neutron lengths as an input 

geometry for single-point (SP) calculations. The calculations were performed using the 

coulombic-attenuating long-range hybrid exchange functional (CAM-B3LYP) and the DEF2-

TZVP basis set.38-42 This functional and basis set combination was selected due to is balance 

of accuracy and speed in both ground and excited state calculations that was scalable with 

increasing system complexity. The resultant molecular graphs were calculated with 

AIMALL,43 All of which satisfied the Poincaré–Hopf theorem.44 The DFT topologies were in 

good agreement with the experimental EDDs gained from X-Ray diffraction. The largest 

variation in the EDD between DFT and the experimental EDDs was seen in 1 ( = 0.18 (eÅ−3) 



and for ∇2 = -8.05 (eÅ−5), the raw data for these comparsion can be found in ESI (Table 

S13-21.) 

Theoretical Generation of Fluorescence Spectra.  

Theoretical fluorescence spectra of 1, 2 and 3 were obtained following the methods of De 

Souza et al.45 The same input geometries from SP calculations were used for optimization 

and frequency calculations of the ground state (S0) in an equilibrium based conductor-like 

continuum model (LR-CPCM) solvent systems of water using restricted Kohn-Sham DFT. 

Then, the S0 optimized geometries were used at the input for determination of the 

optimized first-excited state (S1). Similarly, this used the LR-CPCM water, however, time-

dependent (TD)-DFT was used with 30 roots, no mixing of singlet or triplet MOs at CAM-

B3LYP / DEF2-TZVP theory.46, 47  The spectra are then obtained using  the excited state 

dynamic (ESD) module in ORCA, which applies fermi’s golden rule within the path integral 

approach to analysis the normal mode displacement between energetic states.45  

Theoretical Calculation of Spin-Orbital Coupling.  

The spin-orbit coupling (SOC) potential of 1, 2  and 3 were obtained using TD-DFT. Using the 

S0 optimized geometry was the initial state in TD-DFT calculations. The calculations had spin-

orbit coupling enabled and used the relativistic correction (ZORA). All calculations were 

performed CAM-B3LYP/ ZORA-DEF2-TZVP with solvation controlled by LR-CPCM water 

generating 30 roots.46-48 To further check the spin orbit coupling changes moving from non-

halogenated to halogenated down the group, the halogen on the fluorophore was replaced 

with both fluorine and iodine.49 The structures were optimized in the same manner as 

generation of S0, above, prior to spin-orbit calculations. This can be seen in ESI Figure S8.   



 

Intersystem crossing predictions and Estimated QY.  

The intersystem crossing (ISC) can be estimated using the ESD module in ORCA.38 Here, the 

path integral approach used for fluorescence calculations is expanded to follow the normal 

mode frequencies between the singlet Sx and triplet, Tx states.38 The triplets states were 

determined by reviewing the TD-DFT output for the mixing MOs.50 The SOC matrices for 

each compound showed the mixing MOs were the first three triplet states.50 Each triplet 

state was optimized in the same manner as the Sx states (CAM-B3LYP/ DEF2-TZVP).  Then 

the degree of intersystem crossing was calculated by summation of the rate constant kisc for 

all Tx. This is represented in the summation equation (5). Lastly, the density in the triplet 

state needs to be calculated, this can be performed using a path integral approach, where 

the rate is the average over the triplet sublevels as represented in Equation 6.9, 51  

𝑘𝑖𝑠𝑐(𝑜𝑏𝑠) = ∑ 𝑘𝑖𝑠𝑐(𝑇1𝑇𝑟𝑖𝑝𝑙𝑒𝑡 𝑈𝑝𝑝𝑒𝑟
𝑇𝑟𝑖𝑝𝑙𝑒𝑡 𝐿𝑜𝑤𝑒𝑟 ) + 𝑘𝑖𝑠𝑐(𝑇−1) + 𝑘𝑖𝑠𝑐(𝑇0)     (2) 

𝑘𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟(𝑜𝑏𝑠) =
𝑘1+𝑘−1+𝑘0

3
      (3)   

Using the rates derived from Equations 2 and 3 the theoretical Quantum Yield of 

fluorescence, Φ𝑇𝐸, can estimated by the percentage sum of rates 𝑘𝑥 and it is represented in 

equation 4, where, 𝑘𝑓, 𝑘𝑖𝑠𝑐 , 𝑘𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟 are the rates of fluorescence, intersystem crossing 

and phosphorescence respectively.  

Φ𝑇𝐸 =
𝑘𝑓

𝑘𝑓+𝑘𝑖𝑠𝑐+𝑘𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟
 × 100       (4) 

Results and Discussion 
 



The photophysical properties of 1, 2 and 3, followed previous reports of R-group changes 

created by halogens on coumarin based scaffolds.52 Figure 1 shows the experimental 

fluorescence spectra of 1, 2 and 3. Here, it is shown that across all pH environments the 

excitation and emission regions for each probe is similar, as summarized in Table 1. Figure 1 

indicates that 1 is significantly more fluorescent than both halogenated derivatives 2 and 3. 

It is also evident that in water the fluorophores are in a protonation equilibrium at pH 7.  In 

basic solutions, the fluorophores would be deprotonated at the 7-hydroxy position based on 

the pKa of the phenol being ~10.53 This has the most intense effect on the absorption of 1, 

with a 3-fold increase in intensity compared to 2 and 3. These results are not 

unprecedented, with the emission profile changing from FC to HT emission.34 Similar to the 

Hawkins et al. finding for 2-methylimidozole acting as an electron withdrawing agent. For 2 

and 3 the -Cl and -Br are destabilizing the phenolic rings towards vibronic emission slightly 

but are not strong enough electron withdrawing agents to swap the emission profile as 

shown in water vs. NaOH environment. This is highlighted in Figure 1(b) because if the 

halogen’s electron withdrawing potential was the culprit, 2 would be the least fluorescent 

but the change in intensity is minor when exposed to a basic environment. As such, the R-

group change have an alternative manner for decreasing the fluorescence emission. To 

understand this loss, fluorescence lifetimes and experimental QY’s were obtained. The 

summarized photophysical properties, including fluorescence lifetimes and relative QYs are 

in Table 1. 



 



Figure 1: The experimental excitation and emission spectra of 1, 2 and 3, a, b, and c 

respectively in various pH-controlled solvents, HCl pH=2, and NaOH pH=10.  

Table 1: Summary of photophysical properties in H2O: 

compound λabs (nm) λex(nm) λem(nm) τ /lifetimes 
(ns) 

𝚽 

1 321 318 447 6.00 0.7035 

2 326 325 444 4.70 0.61 

3 326 327 444 3.61 0.31 

 

Table 1, shows halogen substitution leads to a decreased fluorescence lifetime and QY in 2 

and 3. The loss of lifetime and QY can result from a number of factors. One possibility is 

insufficient absorption, but this is ruled out by the absorption spectra of each compound be 

near identical (ESI, Figure S6). Another option is that the excitation can be lost by collision / 

energy dissipation within the system (solvents, molecules, etc), or formally forbidden spin-

orbit interactions.9 This can be reviewed experimentally when considering the static ground 

state EDD of the system using the experimental charge density, below.  

 

Crystallography  

Previous applications of charge density single crystal X-ray diffraction have been able to link 

static experimental ground state EDD to dynamic real-world properties such as stability and 

solubility.10, 22, 33, 34, 54-56 We therefore performed crystallographic analysis of 1, 2 and 3, 

looking for EDD artefacts that may correlate fluorescence changes. Table 2 shows has 

selected crystallographic data of the systems, whilst Figure 2 depicts the independent 

atomic models (IAMs). The discussed geometry and topology of the EDD systems were 



reviewed to ensure accuracy before looking at aromatic localisation properties, this can be 

found in ESI. 

 

Table 2: Selected crystallographic Data. 

Compounds 
1 

2 
3 

Formula C10H8O3 ∙ H2O C10H7O3Cl1 C10 H7O3Br1 

Molecular Mass (g/mol) 194.18 210.61 255.06 

Crystal size (mm) 0.2 x 0.3 x 0.3 0.4 x 0.3 x 0.3 0.4 x 0.3 x 0.2 

Temperature (K) 150 (0) 150 (2) 150 (0) 

Wavelength ( Å ) MoKα (λ = 0.71073) MoKα (λ = 0.71073), MoKα (λ = 0.71073) 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group 
P21/n P21/n P21/n 

a (Å) 6.97657(18) 7.3534 (1) 7.5046 (1) 

b (Å) 11.3024(2) 10.1633 (1) 10.2993 (2) 

c (Å) 11.7801(2) 11.7576(1) 11.6853 (2) 

𝛽° 105.577(3) 99.018 (1) 99.252 (2) 

Volume (Å3) 105.576(2) 867.841(17) 891.43 (2) 

Z 4 4 4 

Refinement Method 
full-matrix least 
squared refinement on 
F2 

full-matrix least 
squared refinement on 
F2 

full-matrix least 
squared refinement on 
F2 

No. unique 7441 7192 7452 

Rint 0.047 0.049 0.036 

Completeness (%) 99.40 98.93 99.9 

No. reflections used 7276 7192 7464 

c (g cm-1) 1.44 1.612 1.915 

F(000) 408 432 508 

 (mm-1) 0.112 0.412 4.574 

R(F), R(F2), all data 0.0565, 0.1604 0.0347, 0.089 0.0238, 0.0600 



Goodness of fit 1.032 1.087 1.021 

Residual density (e Å-3) -0.26, 0.53 -0.20, 0.68 -0.58, 0.85 

Multipole Model (TDS)    

sin 𝜃/λ 1.00 1.110 0.999 

R(F), R(F2), all data 0.0546, 0.0972 0.0623, 0.0933 0.0187, 0.0225 

Residual density (e Å-3) -0.413, 0.422 -0.293, 0.282 -0328, 0.317 

Nvar/Nref 15.55 25.49 19.30 

 

 
(a) 



 
(b) 



 
(c) 

Figure 2: (a),(b), and (c). Oak-Ridge Thermal ellipsoid plots of 1, 2 and 3, respectively, 

plotted at 50% probability.  

Applications of crystallography to explain fluorescence profiles is uncommon, 34 however, it 

has been shown that electrostatic potential (ESP) and frontier orbitals are related to the 

chemical reactivity and regioselectivity of photoproducts.57, 58 Frontier orbitals cannot be 

derived from the experimental EDD, although there is a continual drive to develop a robust 

orbital-free model.58-60  From the luminescence results above 1, 2 and 3 excite equally, this 

should be evident in the EDD electrostatics, ESP. This is because ESP directly quantifies the 

static charge separation across the molecule.44 In the past, where the electrostatics are 

unequally distributed in the excitation of S0 to S1 caused an increased demand for energetic 



relocation/redistribution to re-equilibrate the EDD.61  This can occur by using hydrogen 

bonding, and also when an electron-hole systems forms to dissipate the photons energetic 

effect.62 63.  Figures 3 a-c show isosurfaces of ESP plotted along a 𝜌  isosurface scaffold, 

these plots were generated using CrystalExplorer centred around C(4) as an origin with 

boundaries to encapsulate the entire asymmetric unit.  

 
(a) 

 



 
(b) 

 
(c) 

Figure 3: Molecular electrostatic potential maps of 1, 2 and 3 (a),(b) and (c), respectively. 

Electrostatic potential mapped on an isosurface of ρ. Plots generated at +/- 0.5e 

isoelectronic density. 



Figure 3a, shows the hydrate co-crystal does not have much of an impact on the ESP 

neutrality along the surface. Further to this, a similar trend is seen in Figure 3b 2, where, 

although the chlorinated phenolic ring does cause an increase in electronegative character it 

does not create a significant level of charge separation along the ring. This is compared to 

Figure 3c, 3, where the bromination of the phenolic moiety has an increased level of 

electrostatic pull toward the Br atom in 3, with the lactone fragment being slightly more 

electropositive compared to 1 and 2. The gradient of ESP in 3 around the Br atom indicates a 

significant positive gap between C(9)-Br(1), this increased charge change can be linked to 

the formation of larger 𝜎-holes that are vital for bonding outside of the asymmetric unit, 

which vital for the formation of homosynthon for 3.63  Previously, in a graphene derivative a 

larger degree of electronegativity gave rise to fluorescence modification via ISC upon 

halogenation of the probe64  These ESP findings indicate that Br causes 3 to have larger 

negative ESP point adjacent to the aromatic system creating a stronger homosynthon 

system than 2. These Columbic bonds have been seen to create an energy-exchange 

potential previously.65 This potential allows the C-halogen intramolecular bond to 

equilibrate the EDD and photochemical properties of the molecule.66 This coincides with the 

spectroscopic results that each system should excite equally, but, for further validation, the 

aromatic character of these systems is to compare the ring critical point densities in 2 and 3 

may highlight variations in the localization of the EDD. For the halogenated rings, there is a 

0.03 e Å-3 increase in 𝜌 for the brominated fluorophore (0.046 v. 0.076 e Å-3, 2 and 3 

respectively). This density is moved from the lactone fragment towards the Br atom 

reflecting the ESP plots above.  This movement creates and inequality in the   which 

decreases in 3 by 1.8 e Å-5 (6.0 v. 4.2 e Å-5, for the lactone ring for 2 and 3 respectively). This 

suggests there is a shift in the valence charge of the aromatic rings for 3. To review this, we 



applied the HOMA index (Harmonic Oscillator Model of Aromaticity) was used. A HOMA 

measure between 0-1 that grades whether a molecule is completely aromatic, 1, or non-

aromatic, 0.. The HOMA can be derived using the following expression, equation (5).  

𝐻𝑂𝑀𝐴 = 1 −
𝛼

𝑛
∑ (𝑅𝑖

𝑛
𝑖=1 − 𝑅𝑜𝑝𝑡)2 (5). 

In the expression, n is the number of atoms in the ring system, 𝛼 is a constant for the 

system make-up, 𝑅𝑖 and 𝑅𝑜𝑝𝑡 are the bond lengths from experimental data and optimised 

systems, respectively. The values for 𝛼 and  𝑅𝑜𝑝𝑡, were taken from the reference text of 

Krygowski et al.67 The derived HOMA index for 1, 2 and 3 can be found in Table 3, the 

experimental and comparison of S0 and S1 optimised geometries are present to draw a 

comparison.  

Table 3: HOMA indexes for 1, 2 and 3.  

Compound EXP, S0 and S1 Lactone Ring (C(1)-C(2)-

C(3)-C(4)-C(5)-O(2)-)  

Phenolic/Halogenation 

Ring (C(4)-C(10)-C(9)-

C(8)-C(7)-C(5)-) 

1 EXP 0.95 0.94 

1 S0 0.90 0.89 

1 S1 0.49 0.41 

1 Water removed S0 0.90 0.92 

1 Water removed S1 0.65 0.69 

2 EXP 0.94 0.94 

2 S0 0.91 0.92 

2 S1 0.50 0.40 

3 EXP 0.88 0.93 

3 S0 0.87 0.92 



3 S1 0.52 0.39 

   

Table 3 shows all compounds in the EXP or S0 have a high HOMA score, indicating each 

molecule is in an aromatic state. However, upon excitation, 𝜋* state, each molecule becomes 

anti-aromatic and then re-establishes the S0 EDD equilibrium. It is seen that the hydrate form 

of 1 in the S0/1 is not a perfect comparison for HOMA compared to 2 and 3. This can be simply 

attributed to the hydrate molecule in 𝜋* displaces the energy into the hydrogen bonding 

network, attenuating the anti-aromatic state. In the HOMA analysis for 2 and 3 there is degree 

of aromaticity is near equal in all theoretical optimised structures. Although, in the EXP data 

the brominated form 3 is slightly less aromatic in the ground-state. Looking closer at the 

reactivity of these charge surfaces using the crystalline dipole moment for 2 and 3 there is a 

large degree charge separation compared 1. The dipole moments are 5.96, 12.58 and 18.96 

D for 1, 2 and 3, respectively. This correlates with the ESP plots, where the ESP can be visual 

seen to shift towards the halogen atoms, this is also known to give rise to easier de-excitation 

pathways and resultantly decrease fluorescence emission. Overall, the experimental EDD 

indicate that the decay plots are partly affected by the halogen’s heavy-atom effect, providing 

a means to decreases emission by easier re-equilibration of the S0 state. However, EDD and 

experimental QY suggest that other processes are at play for variations between 2 and 3. To 

confirm this, theoretical calculations of the photochemical properties were performed, 

below.  

Theoretical results 

To review the QY variations for 1, 2 and 3, firstly the theoretical fluorescence plots were 

obtained alongside selected fluorescence properties, Figure 6 and Table 4. 



 
 

 

Figure 4. Theoretical fluorescence spectrums of 1, 2, and 3 were obtained using the 

ORCA_ESD module using a vertical gradient from S1 to S0, theory CAM-B3LYP/DEF2-TZVP in 

CPCM(water). 

Table 4: Selected fluorescence properties from the ORCA_ESD calculations for 1, 2 and 3.  

Compound Adiabatic 

Energy 

Difference 

cm-1 / nm 

Fluorescence 

Rate Constant 

(𝑘𝑓) 

 (s-1*) 

τ (ns) Franck-

Condon 

% 

Herzberg-

Teller % 

1 29972 / 333 8.72 x 108 1.15 82.21 17.79 

2 30295 / 330 8.49 x 108 1.18 80.57 19.43 

3 30303 / 330 8.79 x 108 1.14 80.73 19.27 

 

Figure 4, and Table 4 show the theoretical spin-orbit coupling free fluorescence plots and 

data for 1, 2 and 3 based on the path integral approach.45 Expectantly, this results in a poor 

estimate of the emission profiles.  This is due to it following a singlet decay via the path 

integral approach with no mixing of the MOs.45, 51 The results though do reflect that 

excitation of each compound is relatively equally in line with the experimental results 

(Figure S.6). To assess the halogen effect further, a set of calculations were performed to 



obtain a comprehensive estimate of the Jablonski diagram. Here, the Jablonski is limited to 

rate constants which are derivable using DFT. This approach, include the ISC and 

phosphoresces profile of each compound.  Using this method, it was shown that moving 

from fluoro- to iodo- there is a linear-log10 relationship between the level of SOC and the 

number of electron shells, this can further be expanded to the weights of the halide family 

(ESI, S.Figure 8). The results of SOC calculations indicate that fluorophores 2 and 3 may lose 

the remainder of the QY due to SOC contamination in the decay process.9 This has been 

seen previously in the detection of halides by exploiting collisional quenching and SOC 

interactions.17, 52, 68 This would result in the S1 energy being dissipated through a forbidden 

transition to a Tx state. Here, the T1,2,3 states were obtained allowing for deduction of the 

potential ISC rates (kisc), as per Equation 2. the results of which can be found in Table 5. 

Lastly the, phosphoresces, Tx →S0, kp, for all sub-spin states, was obtained using Equation 3. 

Combining the computational results the decay constants of kf, kisc and kp for all compounds 

allow calculation of the QY using Equation 4.  

Table 5: Theoretical radiative and nonradiative rates for 1, 2 and 3 obtained using the path 

integral approach using ORCA_ESD. 

compound (𝑘𝑓) 

 (s-1*) 

(𝑘𝑖𝑠𝑐) 

 (s-1*) (S1 -> 

T1,2,3) 

(𝑘𝑝) 

 (s-1*) 

Φ𝑇𝐸 

1 8.72 x 108 2.43 x 108 3.58  0.78 

2 8.49 x 108 5.99 x 108 8.57 0.59 

3 8.79 x 108 4.81 x 109 71.33 0.15 

 



From Table 5 the loss of fluorescence in 3 is most prominent, the theoretical results 

overestimate the loss by 15% for 3. However, considering this computational approach is 

limited and does not calculating the “full” Jablonski diagram (collision, re-excitation etc) the 

overestimation of QY loss is rather reasonable.  This method looks at a single molecules 

photochemical state and does not include reflect a molecular environment completely. 

Further, expansion of the computational accuracy or application of an expanded molecular 

system could improve the SOC matrix determination and improve the accuracy of the 

calculation. Overall, here it shows the QY loss for 3 is from a mixture SOC in the excited 

states and the Br induced charge separation effect on S1→S0 energy dissipation seen in the 

EDD. For 2, the ISC potential and resultant SOC is a magnitude lower compared to 3 and 

points at the Cl atom creating a charge separation as major reason for QY loss. Whilst the 

free-form 1 is well predicted 0.70 vs. 0.78, for experimental and theoretical, due to the lack 

of heavy atom effects. Here the theoretical prediction followed the experimental QY trend 

on a simple scaffold, this approach needs to be implemented on other scaffolds with varied 

complexity, R-group type, and solvent system before routine use.  

Conclusions 
 

In this work, a study of a series of halogenated 7-hydroxycoumarin fluorophores was 

performed. The combined use of charge density X-Ray diffraction and computational 

methods allowed for deconvolution of the experimental photoluminescence data. The 

fluorescence data showed that halogenation of the ortho position gave rise to decreased 

fluorescence QY. It was confirmed that 1, 2 and 3 excited equally, this was confirmed using 

experimentally obtained EDDs of the ground state. The charge density HOMA and topology 

of 1, 2, and 3, reflected this, however, the ESP maps and dipole moments showed that 2 to 3 



allows for a faster S1 to S0 re-equilibrium rate with excitation energy lost. This was assessed 

using theoretical fluorescence spectra obtained using TD-DFT and the path integral 

approach, the results did not discriminate the experimental results due only following a 

single excited state decay process. To gain information on the heavy-atom effect from Cl 

and Br, the SOC potentials were theoretically obtained. It was found that moving from F → 

Br → I lead to an exponential increase in SOC. The SOCs effect on fluorescence was explored 

with a new method based on k summations from the ISC and phosphorescence rates. This 

approach allowed for the rationalization of the experimental data, and it was shown that 3 

had the largest ISC leading to a large decrease in QY, which paired with the dipole moment 

in the EDD creates a system that can dissipate the excitation energy well but lowers it QY. 

This approach also deemed that for 2 the major cause of QY loss was from the charge 

separation of S0 as it had a relatively similar ISC potential as 1, meaning that the small QY 

loss seen by Cl addition mainly affects charge re-equilibration.  This approach was found to 

follow the experimental trends and be within reasonable error (max. 15%). Future studies 

are required to further validate the approach, with calculations on other flouro-probe 

scaffolds with experimental comparisons. It is hope that this information stimulate potential 

a probe designing platform following the trends seen in other aspect of chemical design.   
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