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Extending the Scope of Carbonyl Facilitated Triplet 

Excited State towards Visible Light Excitation† 

Shinaj K. Rajagopal,‡ Nagaraj K.,‡ Somadrita Deb, Vinayak Bhat, Devika Sasikumar, Ebin 

Sebastian and Mahesh Hariharan
*
 

School of Chemistry, Indian Institute of Science Education and Research Thiruvananthapuram 

(IISER-TVM), Maruthamala P. O., Vithura, Thiruvananthapuram 695551, Kerala, India. 

Abstract. A series of extended π-conjugated benzophenone analogs was synthesized through 

the facile Lewis-acid catalyzed Friedel-Crafts reaction in order to exploit the integral triplet state 

properties of benzophenone. Extending the π-conjugated plane of the phenyl ring of 

benzophenone allowed to tune the excitation wavelength from far-UV end (~260 nm) to the 

visible spectrum (~446 nm). Compared to benzophenone, significant red-shifts in the absorption 

(up to 450 nm in solution) with high photostability were established for the synthesized 

benzophenone analogs. As evident from the density functional theory calculations, expansion of 

ring size at the aromatic part in benzophenone analogs induces a decrease in the HOMO-LUMO 

gap. The considerable extension of electron density to the carbonyl group in the LUMO 

substantiates the triplet nature associated in the benzophenone analogs. By virtue of the 

properties of carbonyl functionality, an apparent increase in the triplet quantum yield (ΦT = 5.4% 

to 87.7%) was observed for benzophenone analogs when compared to the corresponding bare 

polyaromatic hydrocarbon. The spin orbit coupling was computationally estimated for the 

benzophenone analogs to propose pathways for the observed intersystem crossing process. The 

plausibility to photoexcite the aromatic-ring-fused benzophenone frameworks for triplet 

activation in the visible range opens the door for a new class of materials for photonic 

application. 
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Keywords: Benzophenone • Spin-orbit coupling • Intersystem Crossing • Triplet Excited State 

• Phosphorescence 

 

Introduction 

Triplet states are important intermediates in material chemistry and invite many potential 

optoelectronic applications.
1
 Triplet excited states of conjugated organic molecules play a major 

role in organic light emitting diodes (OLEDs) through harvesting of triplet excitons that 

enhances the electroluminescence efficiency.
2–4

 Formation of triplet excitons evade deleterious 

charge recombination in organic photovoltaics (OPVs).
5–10

 Long-lived triplet excited states can 

potentially give rise to larger diffusion length for advanced solar cells.
11

 Any urge to identify 

conjugated organic molecules which can efficiently generate triplet states for improved 

performance of OLEDs, OPVs and other electronic devices can be considered noteworthy.
12–15

 

Strategies to generate triplet excitons in conjugated organic molecules through chemical 

modification is still an emerging area.
16–21

 Incorporation of heavy atoms (such as I,
22,23

 Br,
24,25

 

S,
26

 etc.
17

) and auxochrome functionalities (such as carbonyl,
27,28

 nitro,
29–31

 etc.) can induce 

efficient triplet formation in conjugated organic molecules through enhanced spin-orbit coupling. 

Likewise, the out-of-plane vibrations in non-planar frameworks comprehend efficient vibronic 

coupling to populate the triplet excited states.
32

 Recent approaches have been developed to 

enhance triplet yield by a singlet fission process in various chromophoric systems.
33

  

Rapid intersystem crossing (ISC) to populate the triplet excited states in organic 

chromophores have been extensively investigated by time-resolved spectroscopic methods.
34–37

 

In this regard, benzophenone (BP) is a prototype molecule which has been widely investigated 

for triplet state properties.
38,39

 A high triplet quantum yield (ΦT) has been inferred in 

benzophenone which upon excitation into the singlet excited state exhibits an efficient 

intersystem crossing (ISC). The characteristic high triplet yield of benzophenone can classify 
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 3

them as a potential photosensitizer for generating singlet oxygen in photodynamic therapy. 

However, benzophenone bears the ability to efficiently generate the triplet excited states by 

absorbing in the ultraviolet (UV) region. Incorporating the favorable property of benzophenone 

for efficient ISC and extending the excitation wavelength to the visible region are essential to 

harvest maximum photons from the solar radiation. Our longstanding interest in excited state 

dynamics
40–42

 prompted us to explore the triplet state properties of benzophenone through 

extending the conjugation at the phenyl ring and/or replacing the phenyl groups by bridging the 

carbonyls with π-conjugated groups (Fig. 1). 

 

Fig. 1 Synthesis scheme and chemical structure of benzophenone (BP) analogs.  

EXPERIMENTAL DETAILS 

Materials and Methods 
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 4

General Informations: All chemicals were purchased from chemical suppliers and used as 

received, without further purification. All reactions were carried out in standard oven dried 

glasswares. Solvents were dried and distilled by standard procedures. TLC analyses were 

performed on precoated aluminum plates of silica gel 60 F254 plates (0.25 mm, Merck). IR 

spectra were recorded on a Shimadzu IR Prestige-21 FT-IR spectrometer as neat KBr pellets for 

all the derivatives. CHN analyses were carried out on an Elementar vario MICRO cube 

Elemental Analyzer. All values recorded in elemental analyses are given in percentage. 

Reference standard used for elemental analysis is 4-aminobenzenesulphonic acid (sulphanilic 

acid).  High Resolution Mass Spectra (HRMS) was recorded on Agilent 6538 Ultra High 

Definition (UHD) Accurate-Mass Q-TOF-LC/MS system using either atmospheric pressure 

chemical ionization (APCI) or electrospray ionization (ESI) mode. Proton nuclear magnetic 

resonance (
1
H NMR) and carbon nuclear magnetic resonance (

13
C NMR) spectroscopy were 

performed on 500 MHz and 125 MHz with Bruker AVANCE-III spectrometer respectively. 

Chemical shifts of 
1
H NMR spectra are reported in units of parts per million (ppm) downfield 

from 1,1,1,1-tetramethylsilane (TMS) (δ = 0.0) and relative to the signal of chloroform-d (δ = 

7.260, singlet). Multiplicities were given as s (singlet); br s (broad singlet); d (doublet); t 

(triplet); q (quartet); dd (doublet of doublets); m (multiplets), etc. The number of protons (n) for 

a given resonance is indicated by nH. Carbon nuclear magnetic resonance spectra (
13

C NMR) are 

reported in units of parts per million (ppm) downfield from 1,1,1,1-tetramethylsilane (TMS) (δ = 

0.0) and relative to the signal of chloroform-d (δ = 77.160, t). Absorption spectra were recorded 

on Shimadzu UV-3600, emission and phosphorescence on Horiba Jobin Yvon Fluorolog 3 

spectrofluorimeter. The solution state fluorescence quantum yields were determined by using 

optically matched solutions of BP analogs and their respective standards. Quinine sulfate 
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 5

dissolved in 0.5 M H2SO4 (ΦF = 0.546)
43

 is used as the standard for AP, AN, PyP and PyPy; 

pyrene dissolved in cyclohexane (ΦF = 0.32)
44

 is used as the standard for NP, NN and NN’, 

perylene in cyclohexane (ΦF = 0.94)
44

 and nile red in dioxane (ΦF= 0.7)
45

 are used as reference 

for AA and PerP respectively. 

General procedure for synthesis of BP analogs:
46

 Anhydrous AlCl3 (2 eqv.) dissolved in dry 

DCM was added to the stirred solution of polyaromatic hydrocarbon (Naphthalene, Anthracence, 

Pyrene and Perylene) in dry DCM (1 eq.) at ambient conditions. The corresponding acyl chloride 

(Benzoyl chloride, Naphthoyl chloride and 1-Pyrene carbonyl chloride) (1 eqv.) was then added 

dropwise to this stirring mixture maintained at 0º C, which is then stirred for additional 3 hours 

at room temperature. After the completion of the reaction, the reaction mixture was poured into 

10% HCl. The resulting suspension was extracted with DCM, washed with NaHCO3 solution, 

dried over Na2SO4 and purified through column chromatography (Silica gel, Pet ether, DCM) to 

afford the desired product. (For the detailed syntheses and charaterization of the BP analogs see 

ESI†) 

Nanosecond transient absorption measurements (nTA):
40

 Nanosecond laser flash photolysis 

experiments of the argon purged solutions were carried out in an Applied Photophysics Model 

LKS-60 laser kinetic spectrometer using the third harmonic (355 nm, pulse duration ≈10 ns) of a 

Quanta Ray INDI-40-10 series pulsed Nd:YAG laser as the excitation source. Triplet states of 

BP analogs in toluene were confirmed by performing the experiments with oxygen purged 

solutions. Triplet quantum yields obtained upon direct photoexcitation at 355 nm were 

determined using [Ru(bpy)]C12 in methanol as standard (ΦT = 100 %), with nonsaturating laser 
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 6

intensities. Equal volume of 0.2 mM solution of β-carotene was added to optically matched 

solutions of reference and the sample. The equation for the triplet quantum yield is given by, 

Φ�
� =	Φ�

���
×	

∆��

∆����
	× 	

���
�

���
� − ��

� 	× 	
���
���

− ��
���

�
��

���
																				(1	) 

Where, Φ�
�  and Φ�

���
denote the triplet quantum yield of the sample and reference respectively; 

∆�� and ∆����are transient absorption intensity of β-carotene in sample and reference 

respectively; ���
�  and ��

� are decay rate of sample transient species before and after the addition 

of β-carotene. ���
���

 and	��
���

	are decay rate of reference transient species before and after the 

addition of β-carotene. 

Femtosecond transient absorption technique (fTA): Spectra-physics Mai Tai Oscillator (80 

MHz, 800 nm) was used as seed for a Spectra-Physics Spitfire Ace Regenerative amplifier (1 

KHz, 5.5 mJ). A fraction of the amplified output was used for the generation of the 400 nm 

pump pulse. The residual 800 nm pulse was passed through a delay line within an Excipro pump-

probe spectrometer from CDP Systems. A rotating CaF2 plate (2 mm thickness) was used in the 

generation of white light from the delayed 800 nm pulses. The continuum of white light was 

further split into two – one as the probe and the other as the reference pulse. The transient 

absorption spectrum was recorded by a dual diode array detector with a detection window of 200 

nm and an optical delay line resolution of 1.6 fs. The sample solution was prepared in a rotating 

sample cell with 1.2 mm path length. IRF was determined by solvent (10 % benzene in 

methanol) two photon absorption. The energy per pulse incident on the sample was attenuated 

employing 80% neutral density filter. fTA measurement on AP in toluene was carried out by 
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 7

exciting the sample at 400 nm, 200 nJ, ~100 fs pulses. Global analyses of the fTA spectrum was 

carried out using Glotaran (version 1.2).
47

 

X-ray Crystallography: High-quality specimens of appropriate dimensions were selected for 

the X-ray diffraction experiments. Crystallographic data collected are presented in the 

supplementary information. Single crystals were mounted using oil (Infineum V8512) on a glass 

fiber. All measurements were made on a CCD area detector with graphite monochromated Mo 

Kα radiation. The data was collected using Bruker APEXII detector and processed using APEX2 

from Bruker. All structures were solved by direct methods and expanded using Fourier 

techniques. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 

included in idealized positions, but not refined. Their positions were constrained relative to their 

parent atom using the appropriate HFIX command in SHELXL-97. The full validation of CIFs 

and structure factors were performed using the CheckCIF utility and found to be free of major 

alert level. 

Computational methods: Ground-state structure optimisation, with toluene as solvent, and 

vibrational frequencies were computed using density functional theory (DFT) at PCM/ωB97X-

D/TVZP level of theory.
48,49

 Vertical excitation energies and oscillator strengths were calculated 

by employing time dependent DFT (TD-DFT) at PCM/ωB97X-D/TVZP. All computations were 

performed with the Gaussian 09.
50

 The spin orbit coupling was evaluated with a linear response 

time-dependent density functional theory using the PySOC code.
51

 

 

Results and discussions 
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 8

Syntheses and crystal structure analyses 

Conventional Lewis acid catalyzed Friedel-Crafts aroylation at ambient conditions rendered   

benzophenone (BP) analogs namely naphthalen-1-yl(phenyl)methanone (NP), di(naphthalen-1-

yl)methanone (NN), naphthalen-1-yl(naphthalen-2-yl)methanone (NN’), anthracen-9-

yl(phenyl)methanone (AP), anthracen-9-yl(naphthalen-1-yl)methanone (AN), di(anthracen-9-

yl)methanone (AA), phenyl(pyren-1-yl)methanone (PyP), di(pyren-1-yl)methanone (PyPy) and 

perylen-3-yl(phenyl)methanone (PerP) with moderate to high yields (31-75 %) (Fig. 1). Single 

crystals of NP, NN, NN’, AN, AA and PyP suitable for X- ray diffraction (XRD) analysis were 

obtained through slow evaporation of hexane/chloroform mixtures at ambient conditions. The 

XRD analysis of NN, NN’, AA established the formation of solvent free monoclinic crystal 

system with space group P21/n, P21, and P21/c respectively, whereas NP and AN crystallized in 

orthorhombic crystal system with P212121 and Pca21 space groups. PyP exhibited a solvent free 

triclinic crystal system with P-1 space group (Fig. 2, Table S1; ESI†). The dihedral angle 

between the carbonyl group and the corresponding arenes in NN, NN’ and AA crystals is 17.9º, 

21.2º and 46.5º respectively (Fig. S1; ESI†). Compounds containing dissimilar arenes displayed 

two torsional angles with respect to the carbonyl group. Torsional angles of 67.3º and 25.6º were 

identified for crystalline AN relative to the carbonyl group which could be due to the twist of 

anthracene and naphthalene respectively. 

Page 8 of 23Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
by

 K
ao

hs
iu

ng
 M

ed
ic

al
 U

ni
ve

rs
ity

 o
n 

6/
21

/2
01

8 
10

:1
5:

22
 A

M
. 

View Article Online
DOI: 10.1039/C8CP01023D

http://dx.doi.org/10.1039/c8cp01023d


 9

 

Fig. 2 Single crystal X-ray structure of I) NP, II) PyP, II) NN, IV) NN’, V) AN, VI) AA.  

Steady state absorption, emission and frontier molecular orbital analyses 

UV-Vis absorption spectra of BP analogs (Fig. 3, Fig. S2 & Table S2; ESI†) were recorded 

in toluene. The absorption maxima of the BP analogs spanned from the UV region, 305 nm for 

NP, to the visible region, 446 nm for PerP. A significant red-shift of ~141 nm observed in the 

absorption maximum of PerP relative to NP could be attributed to the extension in the π-

conjugation of the benzophenone core. 

 

Fig. 3 UV-Vis absorption spectra of BP analogs in toluene. 
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 10

Density functional theory (DFT) calculations were performed to correlate the observed red-

shift in the electronic absorption spectrum (Table S3 and Fig. S3; ESI†). Though marginally 

blue-shifted with respect to the experimental data, the calculated λmax agree well with the trend 

observed in the experimental data with increase in the size of the aromatic core. The vertical 

excitation energies computed from the TD-DFT calculation revealed that the first vertical 

transition (S0→S1) is described by HOMO→LUMO excitation, with appreciable oscillator 

strength in the presented benzophenone analogs (f = 0.0123-0.7110; see Fig. 4C and Table S4; 

ESI†). Careful analysis of the frontier molecular orbitals indicates that the LUMO is more 

delocalized with modest extension to the carbonyl group, while a significant electron density on 

oxygen atom of the carbonyl group hint towards the non-bonding nature of the molecular orbital. 

(Fig. 4A and 4B, Fig. S4 & S5; ESI†). The low-intensity short wavelength band 

(HOMO→LUMO) emerge as a result of n-π* transition of the carbonyl group. The prominent 

long wavelength bands were assigned to have contributions from π-π* transition.  

Fluorescence spectra recorded on photoexcitation of BP analogs in toluene at 305-450 nm, 

exhibited emission bands centered at around 380-630 nm (Table 1, Fig. S6; ESI†). The solution 

state fluorescence quantum yield (ΦF) of the BP analogs were determined using optically 

matched solutions of the sample and the respective standards (see experimental details). The 

estimated φF using pyrene in cyclohexane as the reference (ΦF = 32%)
44

 for NP, NN, NN’ were 

1.9, 2.1 and 0.9 % respectively. Similarly AP, AN, PyP and PyPy demonstrated a ΦF of 0.3, 0.2, 

2.7 and 25.3 % respectively, by matching with quinine sulphate in 0.05 M H2SO4 (ΦF = 

54.6%).
43

 Perylene in cyclohexane (ΦF = 94%)
44

 was used as a reference to measure the ΦF of 

AA and the obtained quantum yield was 1.7%. The highest fluorescence quantum yield among 

the BP analogs was exhibited by PerP with ΦF of 35%, quantified using nile red in dioxane (ΦF = 
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 11

70%)
44

 as the reference. 

 

Fig. 4 The frontier molecular orbitals A) HOMO B) LUMO of PerP; C) Energy level diagram 

for BP analogs as calculated  using TD-DFT (PCM/ωB97X-D/TZVP). 

 

Nanosecond transient absorption measurements  

In order to get insights into the intrinsic triplet character of benzophenone upon π-

conjugation, nanosecond transient absorption measurements (nTA) of the BP analogs in toluene 

were carried out by exciting the samples at 355 nm (Fig. 5 and Fig. S7; ESI†). Upon 

photoexcitation (λexc = 355 nm), BP analogs NP, NN, and NN’ exhibited positive absorption 

peaks in the spectral region 450 nm to 600 nm. The observed band corresponds to the triplet-

triplet absorption and is in excellent agreement with the naphthalene T1 transition.
52

 Crespo-

Hernández and co-workers have identified a similar observation in the nanosecond broadband 

transient absorption of nitronaphthalene derivatives.
29

 Observed triplet band exhibited a lifetime 

(τT) of 0.2, 0.3 and 0.3 µs for NP, NN and NN’ respectively (Table 1, Fig. S8; ESI†). Triplet 
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quantum yield (ΦT) measurement of BP analogs were performed by employing triplet-triplet 

energy transfer method using β-carotene as a triplet sensitizer.
53

 The calculated ΦΤ values were 

60.1, 87.6 and 63.4% for NP, NN and NN’ respectively (Table 1). The nTA measurements on 

AP, AN and AA displayed absorption maximum at around 430-450 nm (Fig. 5 & S7; ESI†). A 

pronounced negative absorption was observed at 350 nm, corresponding to the steady state 

absorption of anthracene (A) unit which manifests the ground state depopulation of A. The 

transient absorption  
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 13

Fig. 5 nTA spectra of A) AA, B) AP and C) PyPy in toluene with the respective kinetic traces 

monitored at 450 nm (λex = 355 nm). 

Table 1. Triplet lifetime (τΤ) and triplet quantum yield (ΦΤ) in toluene using triplet-triplet energy 

transfer method. 

Compound Φ�
� (%) ��

�	(µs) Φ�
� 	(%) Φ�

� (%) 

BP ~ 0 10 100 57
54

 

NP 1.9 0.2 60.1 

80
55

 NN 2.1 0.3 87.6 

NN’ 0.9 0.3 63.4 

AP 0.3 0.7 86.7 

72
55

 AN 0.2 0.9 75.8 

AA 1.7 1.1 77.4 

PyP 2.7 1.8 48.2 
38

55
 

PyPy 25.3 2.6 69.2 

PerP 35.0 1.9 5.4 ~ 0 
a
fluorescence quantum yield; 

b
triplet life time; 

c
triplet quantum yield 

of corresponding BP analogs. 
d
triplet quantum yield of bare 

chromophore taken from literatures. 

 

signals observed around 430-450 nm were readily quenched by the dissolved oxygen which 

strongly suggests the existence of triplet excited state (
3
A*; Fig. S9; ESI†). The positive 

absorption band around 430-450 nm thus, could be due to the triplet absorption of anthracene 

(
3
A

*
)
56

 possessing triplet lifetime (τT) of 0.7, 0.9 and 1.1 µs for AP, AN and AA, respectively 

(Fig. 5, Table 1 & Fig. S8; ESI†). Estimated quantum yields of 86.7, 75.8 and 77.4%,  

respectively for the aroylated anthracene, showed 5-20% enhancement in ΦT compared to the 

corresponding bare chromophore, A (ΦT = 72%). Similar features of triplet absorption were 

observed in pyrene containing analogs, PyP and PyPy with absorption maximum at 500-520 nm 

and triplet lifetime of 1.8 and 2.6 µs respectively (Fig. 5, Table 1 & Fig. S7; ESI†). The 
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 14

absorption band at 500-520 nm could be attributed to the triplet absorption of pyrene (
3
Py

*
) with 

ΦT of 48.2% (PyP) and 69.2% (PyPy). The estimated φT for pyrene containing analogs exhibited 

an increase in the triplet quantum yield by 27-82% than the bare pyrene which has a reported 

triplet quantum yield of 38% (ΦT). PerP was characterized by a weak transient absorption band 

at 500 nm with life time of 1.9 µs and ΦT of 5.4% (Table 1, Fig. S7; ESI†). The corresponding 

bare chromophore, perylene exhibits negligible triplet quantum yield.  

Triplet formation by visible light excitation  

The concrete evidence for visible light excitation populating the triplet states in the BP 

analogs was provided by femtosecond transient absorption (fTA) spectroscopy (Fig. 6A-C). The 

representative PyP (ΦT = 69.2%) was photoexcited at 400 nm using 100 fs laser pulse. The 

transient absorption band for PyP in toluene initially decaying at 530 nm indicates the absorption 

of the higher energy singlet state (S2�Sn transition), as reported by Foggi and co-workers.
57

 The 

decay of the peak at 530 nm is followed by the appearance of a singlet excited state (S1) 

corresponding to the absorption band at 460 nm (S1�Sm transition).
18

 The singlet state S1 then 

undergoes ISC process to populate the triplet state (Tn) represented by the absorption peak at 510 

nm.
18,42

 

 

Time-gated emission measurements 

To better understand the emissive nature of the triplet states, time-gated emission 

measurement of BP analogs was performed by photoexciting the deoxygenated ethanolic 

solutions at the respective absorption maxima. The emission profile obtained at 77 K for NN and 

NN’ after a delay time of 0.05 ms were red shifted (ca. 130-150 nm; Fig. 6D) when compared to 

their fluorescence spectra. While, the spectral profile of AA, PyPy and PerP at 77 K obtained 
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after a 0.05 ms delay matched their respective fluorescence emission spectra.
58

 Radiative decay 

of the triplet excited states has been reported in the cases of BP and NP whereas AP and PyP 

exhibit no phosphorescence.
59

 The phosphorescence spectra of NN’ range from 475 nm to 675 

nm and that of NN span from 475 nm to 650 nm (Fig. 6D). 

 

 

 

Fig. 6 Shows the A) fTA spectrum of PyP in toluene upon excitation at 400 nm; B) Evolution 

associated spectra corresponding to the spectra shown in Fig. 6A; C) population profile of spectra 

shown in Fig. 6A; D) phosphorescence emission spectra of NN and NN’ in ethanol. 

Triplet populating pathways and spin orbit coupling 
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To gain insight into the pathways populating the triplet manifolds in BP analogs via the 

spin orbit coupling (SOC) mechanism,
60,61

 the SOCs were calculated using the PySOC code 

developed by Thiel and co-workers.
51

 The SOCs were evaluated at the Franck-Condon geometry. 

In BP, the large SOC value (Table S5; ESI†) for S1/T1 (13 cm
-1

) and a significant SOC for S1/T2 

(3 cm
-1

) could efficiently populate the triplet manifold by the ultrafast ISC process as reported.
38

 

A similar pathway for populating the triplet could exist in the other carbonyl derivatives, 

however, governed by El-Sayed’s rule.
62

 S1�T2�T1 or S1�T3�T1 could be the pathway 

populating the triplet in NP. The SOC for S1/T2 (10 cm
-1

) or S1/T3 (12 cm
-1

) could be sufficient 

for promoting the ISC in NP. The near degenerate S1 and T4 with a SOC of 11 cm
-1

 and 9 cm
-1

 in 

NN and NN’ respectively could allow ISC to generate the triplet states (Fig. S10; ESI†). In AP, 

quasi-degenerate T2/T3/T4 and a small ∆ES-T (0.1-0.2 eV) could promote the population of the 

triplet states from S1. The lower triplet quantum yield in AN and AA, in comparison to AP, could 

be attributed to the low SOCs in the range of 0.3 cm
-1

 to 5 cm
-1

 for S1/T3 and S1/T4 respectively. 

Despite the low SOC between the states, a small value of ∆ES-T could promote the ISC process in 

AN and AA. In case of PyP and PyPy, the S1�T4 pathway could dominate the ISC process. 

However, the nature of the S1�T4 transition is allowed in PyPy, S1(n-π*)�T4(π-π*) and 

forbidden in PyP, S1(n-π*)�T4(n-π*), which could explain the lower triplet quantum yield in 

PyP compared to PyPy (Fig. S10; ESI†). Similarly, the low quantum yield of triplet in PerP 

could be attributed to a low SOC for S1/T2 and also the forbidden nature of the S1/T2 transition. 

In addition, the deviation from planarity observed in the BP analogs could considerably alter the 

ISC process in such systems.
63

 

 

Conclusions 
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In conclusion, visible light-harvesting benzophenone analogs that can be used as organic 

triplet generators were designed and synthesized through a facile aroylation reaction. Efforts to 

extend the π-conjugation of the phenyl ring(s) on benzophenone (BP) allowed to tune the 

photoabsorption from UV to the visible region. Considerable expansion in the π-conjugation of 

the phenyl ring led to a 186 nm (e.g. PerP) red shifted absorption when compared to that of BP, 

which is corroborated by DFT calculations. Population of long-lived triplet excited states were 

confirmed by nanosecond time resolved absorption which exhibited an increase in the triplet 

quantum yield in BP analogs (∆ΦT = 5.4 to 31.2%) when compared to their respective bare 

polyaromatic hydrocarbons.  The visible light excitation populating the triplet excited states in 

the BP analogs was confirmed by femtosecond time-resolved absorption spectroscopic 

technique. Furthermore, the computationally predicted spin orbit couplings in the BP analogs aid 

in proposing the triplet population pathways that substantiates with the experimentally observed 

trends in triplet quantum yield. Though the analogs have a lower triplet quantum yield than the 

parent BP, the strategy of multiple aroylation of the BP analogs could possibly increase the 

triplet quantum yield and also result in the red-shift of the UV-Vis absorption of the analogs, as 

observed earlier.
42

 The enhanced triplet activation through photoexcitation in the visible range in 

benzophenone analogs will thus make them desirable materials for triplet excitons generators for 

organic photovoltaic devices. 

 

†Electronic Supplementary Information (ESI) available: Experimental details, 
1
H and 

13
C 

NMR spectra of BP analogs as well as characterization data. Computational details, fluorescence 

and nanosecond time-resolved spectra for BP analogs. CCDC 1559462-1559466, 1440151.  

‡These authors contributed equally. 
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