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True absolute determination of photoluminescence quantum 
yields by coupling multiwavelength thermal lens and 
photoluminescence spectroscopies  

Tatiane O. Pereira,a Monika Warzecha,b Luis H.C. Andrade,a Junior R. Silva,a Mauro L. Baesso,c 
Callum J. McHugh,d Jesus Calvo-Castro,*e and Sandro M. Lima*a 

Photoluminescence quantum yields denote a critical variable to characterise a fluorophore and its potential performance. 

Their determination, by means of methodologies employing reference standard materials, innevitably leads to large 

uncertainties. In response to this, herein we report for the first time an innovative and elegant methodology, whereby the 

use of neat solvent/reference material required by thermal lens approaches is eliminated by coupling it to 

photoluminescence spectroscopy, allowing for the discrimination between materials with similar photoluminescence 

quantum yields. To achieve that, both radiative and non-radiative transitions are simultaneously measured by means of a 

photoluminescence spectrometer coupled to a multiwavelength thermal lens spectroscopy setup in a mode-mismatched 

dual-beam configuration, respectively. The absorption factor independent ratio of the thermal lens and photoluminescence 

signals can then be used to determine the fluorescence quantum yield both accurately and precisely. We validated our 

reported method by means of rhodamine 6G and further applied in three novel structurally related diketopyrrolopyrrole 

based materials to, contrary to results obtained by other methods, unveil significant differences in their photoluminescence 

quantum yields. 

Introduction 

 

Over the last decades, there has been an increasingly large 
surge of interest devoted to the development of novel 
fluorescent materials with superior performance to those 
currently existing ones and that can find applicability in a wide 
variety of topical fields, ranging from organic optoelectronics to 
bioimaging agents.1–7 In addition to other photophysical 
parameters, such as the molar absorptivity and fluorescence 
lifetime, which are important in gauging the performance 
and/or suitability of a fluorophore for a specific application, the 
fluorescence quantum yield (Φf, Equation 1) is paramount in the 
characterization of a fluorophore.8,9 It provides a measure of 
the efficiency of converting the absorbed photons into emitted 
ones and its product with the molar absorptivity (𝜀) gives the 
so-called fluorophore’s brightness (B) at the excitation 

wavelength (exc), 𝐵 = 𝛷𝑓 ∙ 𝜀𝜆𝑒𝑥𝑐
. The photoluminescence 

quantum yield can be further expressed as the ratio between 
the rate of radiative decay (kr) and the sum of the radiative and 
non-radiative (knr) decay process (Equation 1), where knr is used 
to group the rates of all possible non-radiative phenomena.8,9 

 

𝛷𝑓 =
𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
               (1) 

 

To date, the most widely used approach for the experimental 

determination of Φf is still the so-called optical relative 

method.9–11 In this approach, the emission of the unknown 

sample is compared against that of a reference standard 

material for which the fluorescence quantum yield has been 

previously calculated, as illustrated by Equation 2.9–11 
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Where the subscripts “u” and “st” denote the unknown sample 

and the fluorescence reference standard, respectively. In turn, 

f, F and n represent the absorption factor, the integrated 

emission spectrum and the refractive index, respectively. The 

absorption factor is a measurement of the fraction of the light 

irradiating the sample that is absorbed and can be denoted as 

𝑓 = 1 − 10−𝐴, where A is the absorbance. In cases where the 

solvent used for the unknown sample differs from that utilised 

for the reference standard material, a correction for n is 

employed. Despite its large popularity, likely as a consequence 
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of required instrumentation being readily available in most 

research laboratories, the method suffers from a number of 

shortcomings which often inevitably lead to large uncertainties 

of ca 10%.9–12 To a large extent these can be attributed to i) the 

recommendation of utilising identical excitation wavelengths 

for both reference standard and unknown material, often 

resulting in values located on the edge of the main absorption 

band of the unknown sample, ii) the appropriate correction of 

the emission spectra to account for non-linear responses of 

detectors and more importantly iii) the availability of suitable 

photoluminescence reference standard materials and the 

accuracy to which their quantum yields have been previously 

determined.8–14 

In an attempt to bypass the latter, the so-called absolute 

methods have been developed, whereby Φf values are 

determined by directly measuring the number of photons 

absorbed and emitted and which has been facilitated by the 

commercial availability of integrating spheres.9,12,15–17 However, 

the reliability of the obtained photoluminescence values with 

this method is subjected to the manufacturer correction 

methodologies as well as to the careful account of self-

absorption effect, particularly in those materials where there is 

a large overlap between the absorption and fluorescence 

emission spectra.18 Alternatively, the thermal phenomena 

occurring as a result of material irradiation can also be exploited 

for the experimental indirect determination of Φf by 

photothermal methods, such as photoacoustic spectroscopy,19–

21 photothermal deflection spectroscopy,22 thermal lens 

spectroscopy (TLS)23–26 and other calorimetric approaches27 

which are often believed to be less sensitive to errors than 

optical-based approaches. Whilst both photoacoustic and 

thermal lens spectroscopies are photothermal methods, their 

underlying physical principle is different from one another. In 

short, photoacoustic methods, which are based on determining 

the acoustic waves generated following sample irradiation, 

have been extensively employed as alternative approaches to 

optical-based methods for the photoluminescence quantum 

yield determination. However, they suffer from pitfalls such as 

the lack of reproducibility and sensitivity range between the 

acoustic transducer and the sample. In turn, the basic principle 

of TLS is the generation of a local heat-induced thermal gradient 

which creates a refractive index profile upon sample irradiation 

and that results in the generation of a lens-like effect. 

Importantly, although both methods are often referred to in the 

literature as absolute methods, they both require the use of a 

material exhibiting complete heat conversion, so-called 

reference material. This role is often played by the neat solvent 

employed in solution-phase measurements, which can however 

lead to uncertainties in the experimental determination of Φf. 

In short, among other experimental variables, these 

uncertainties can be further ascribed to the erroneous 

assumption that both reference material and sample exhibit 

negligible changes in viscosity. In fact, a significant increase in 

viscosity is often observed upon addition of the fluorophore 

when compared to the neat solvent, which results in changes to 

the thermal diffusivity of the sample with respect to the 

‘reference sample’ and leads to errors in determined 

photoluminescence quantum yields. The latter is of particular 

concern when there are small differences between Φf for a set 

of fluorophores, such as studies whereby the aim is to 

investigate the effect that small systematic substitutions 

performed on common core motifs have on their photophysical 

properties, a commonly employed approach in the rational 

development of novel materials. 

Motivated by these shortcomings, herein we report on the 

application of a novel and elegant approach for the absolute 

determination of photoluminescence quantum yields in 

solution phase by simultaneously coupling multiwavelength 

thermal lens and photoluminescence spectroscopies. To the 

best of our knowledge this is the first report of a method 

whereby the experimental determination of Φf is achieved 

without the need for normalising the thermal lens (TL) signal 

with the literature reported for the solvent or determining the 

absorption coefficient, hence alleviating the aforementioned 

concerns. To achieve that, simultaneous measurements of both 

the radiative and non-radiative transitions generated by the 

sample upon excitation were collected by an optical fiber 

connected to the spectrometer and a multiwavelength TLS 

setup in a mode-mismatched dual-beam, respectively. By 

simultaneously irradiating the sample with the same excitation 

power for thermal lens () and photoluminescence (If) 

spectroscopy measurements, their absorption factors can be 

cancelled out. The resultant, excitation energy independent 

parameter (/If), exhibits a linear relationship with the 

excitation wavelength, hence allowing for the absolute 

determination of Φf. 

Similarly to most studies in the field,11,20,24–26 we first validated 

our experimental setup by means of the widely-employed 

primary photoluminescence reference standard material 

rhodamine 6G, for which results comparable to those in the 

literature were obtained. Whilst other, so-called secondary 

reference standards, are routinely used for the validation of 

experimental methods,13,20,22,28 our choice of a primary 

reference standard material such as rhodamine 6G is 

underpinned by i) this dye being, alongside quinine sulphate 

and fluorescein, one of the only three recommended standard 

materials by IUPAC guidelines28 and ii) rhodamine 6G exhibiting 

the larger spectral similarities to the three novel materials 

reported herein when compared to the other primary reference 

standards.  Subsequently, we used this methodology to further 

test it by determining the Φf of three novel and structurally 

related diketopyrrolopyrrole (DPP) based materials, where the 

systematic substitutions are anticipated to lead to small 

changes in the photoluminescence efficiency. Along these lines, 

we are engaged in the rational development of organic 

optoelectronic materials exploiting DPP chemistries exhibiting 

superior properties to those currently existing ones and that can 

find applicabilities as chemical sensors by selectively 

modulating their intrinsic fluorescence properties.7,29 In short, 

DPPs have been widely used for decades as high performance 

pigments due to their excellent properties30–34 and more 

recently have seen an increasingly large surge of interest as 

charge transfer mediating materials in optoelectronic 

applications.31,35,36 Herein, we synthesise, purify and 
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characterise the photophysical properties of three novel 

architectures, with special focus to the experimental 

determination of the photoluminescence quantum yields. In 

light of the results reported in this work, with Φf > 0.81 in all 

cases and their functionalities, we anticipate them to be of 

interest as fluorescent sensors for nitroaromatic compounds 

which we will be reporting elsewhere. The three architectures 

received names in the form of XDPP, where X denotes their 

substitution on the para position of the core phenyl ring(s) and 

the prefix ‘m’ indicates that only one of the core rings is 

substituted and the system is therefore non-symmetrical 

(Figure 1). In line with their different substitutions on the para 

positions of the core rings, their quantum yields were observed 

to exhibit small but relevant differences (e.g. Φf = 0.89 ± 0.03, 

0.81 ± 0.02 and 0.94 ± 0.03 for TPADPP, mTPADPP and 

mDMADPP in dichloromethane, respectively) and therefore 

represent an appropriate dataset to further challenge our 

methodology. The ability to discriminate between fluorophores 

with similar Φf is deemed important in the understanding of the 

impact of structural modifications bear on the photophysical 

properties excited state radiative and non-radiative 

deactivation pathways. As a result, we anticipate this work to 

be of interest to the large scientific community engaged in the 

development of novel methodologies for the experimental 

determination of photoluminescence quantum yields as well as 

those devoted to the realisation of new architectures for which 

accurate values of Φf are critical. 

 

 
Figure 1. Chemical structures for TPADPP, mTPADPP and mDMADPP (see SI1 for details). 

Materials and Methods 

 

Chemical and Reagents. HPLC grade dichloromethane was 

purchased from Fisher-Scientific and used without any further 

purification. Diketopyrrolopyrrole-based materials were all 

synthesized, purified and characterized following our previously 

described methodology. Rhodamine 6G photoluminescence 

reference standard was purchased from Sigma-Aldrich and used 

as supplied. 

Instrumentation. All experimental spectroscopic measurements 

were carried out in a temperature-controlled laboratory at 24 °C 

unless otherwise stated. In all cases, diluted solutions were 

experimentally evaluated, exhibiting concentrations in the range of 

μM and always characterised by optical densities below 0.1 at the 

excitation wavelength. Steady-state absorption 

spectrophotometry measurements were carried out employing 

a Perkin-Elmer Lambda 1050 UV/Vis spectrophotometer, 

operated by the software UV WinLab v.2.80.03 supplied by the 

manufacturer. Absorption spectra were recorded in the region 

of 350 to 600 nm. The photoluminescence (PL) and 

photoluminescence excitation (PLE) spectra of the materials 

investigated were obtained by means of a Perkin-Elmer LS55 

luminescence spectrometer, operated with the software UV 

WinLab v.4.00.03 supplied by the manufacturer. Samples were 

irradiated utilising a Xe lamp and simultaneous excitation-

emission spectra contour plots (maps) were obtained by 

selecting excitation wavelengths in the region of 250-600 nm (5 

nm steps) and the PL spectra recorded from 500 to 800 nm, with 

a 1 nm resolution (simultaneous excitation-emission maps in 

Figure 4 illustrate emission wavelengths up to 750 nm due to 

the small intensities at longer wavelengths as illustrated in 

Figure 3). The PL was recorded by a Hamamatsu R928 

photomultiplier tube coupled to the luminescence 

spectrometer. The obtained PL spectra were corrected for the 

intensity of the Xe lamp and the response of the photomultiplier 

tube with a file supplied by the manufacturer which accounts 

for its non-linear response in the spectral region of interest. All 

measurements were carried out in standard 10 mm precision 

quartz cuvettes purchased from Hellma-Analytics, at room 

temperature and under aerated conditions unless otherwise 

stated. 

Thermal lens spectroscopy. Diluted solutions(Optical density < 

0.1) of the diketopyrrolopyrrole-based materials in 

dichloromethane and Rhodamine 6G in ethanol were analysed 

by time-resolved TLS utilising a dual-beam mode-mismatched 

configuration as illustrated in Figure 2. 

Figure 2. Block diagram illustration of the dual-beam mode-mismatched thermal lens 

spectroscopy experimental setup utilised in this work, where Sh, M and L denote the 

shutter, flat mirrors and biconvex lenses respectively. In turn, P, Ph and OF represent the 

pinhole, photodetectors and optical fibre respectively. 

In the illustrated experimental setup in Figure 2, the first 

photodetector (Ph1) is used to trigger the digital scope (TBS 

2000, purchased from Tektronix) and the shutter (Sh) controls 

the exposure of the sample to the excitation laser. The sample 

is then presented contained in a quartz cuvette with a (1.00 ± 
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0.05) mm path length and located at the position of minimum 

waist of the excitation beam, an Innova 308C Ar+ laser from 

Coherent. This laser was tuned to excite the samples at 

wavelengths, λexc = 457.9, 476.5, 496.5 and 514.5 nm. In turn, 

the thermal lens effect was probed by a 632.8 nm HeNe laser, 

also from Coherent, which passes through the sample almost 

collinear through the excitation beam. Both beams are Gaussian 

and have transverse electromagnetic fundamental mode 

(TEM00), which denotes a condition for the application of the 

theoretical TLS model. In this regard, the reader should note 

that our proposed methodology is not solely limited to the 

lasers described herein and that in fact, other commercially 

available ones with the above-mentioned characteristics can be 

used. Our choice of the probe laser was underpinned by its low 

power and a wavelength outside the main absorption band of 

the materials investigated. 

In short, the basic principle of the TLS is the use of the excitation 

laser beam to create a local thermal gradient, generating a 

refractive index profile which in turn induces the sample to 

behave as a lens-like element as a consequence of the absorbed 

energy being converted into heat by the sample. Subsequently, 

crossing of the sample heated region with the probe laser, i.e. 

632.8 nm HeNe laser in our work, results in the far-field 

observation of the divergence of the beam. Monitoring the 

time-dependence of this TL effect (amplitude of the signal) with 

the second photodetector (Ph2, Figure 2) allows for the 

experimental determination of critical thermo-optical 

parameters such as the thermal diffusivity (D), the temperature 

dependence of the refractive index (dn/dT) as well as the 

fraction of absorbed energy which is converted into heat by the 

sample (φ). Both photodetectors, Ph1 and Ph2 in Figure 2 are 

germanium-based with rise times < 100 ps, bandwidth > 3.0 GHz 

and spectral range from 400 to 2000 nm. Optical fibres 

employed in our experimental setup were purchased from 

Ocean Optics, with a diameter of 300 μm, length of 1 m and 

wavelength range 300-1100 nm.   

Subsequently, the data was fitted employing a previously 

reported theoretical model, where the so-called on-axis 

transient intensity of the probe beam, I(t), in the far field can be 

expressed using the following Equation 3:37,38 

 

 

𝐼(𝑡) = 𝐼(0)[1 −
𝜃

2
arctan (𝛽)]2                 (3) 

 

𝛽 =
2𝑚𝑉

[(1 + 2𝑚)2 + 𝑉2] (
𝑡𝑐

2𝑡
) + 1 + 2𝑚 + 𝑉2

 

 

where I(0) denotes the signal intensity for t = 0 or  = 0. tc, which 
represents the TL characteristic time constant can be expressed 
as 𝑡𝑐 = 𝑤𝑜𝑒

2 4𝐷⁄ , where woe and D denote the radius of the 
excitation beam waist at the sample position and the thermal 
diffusivity of the sample, respectively. In turn, m and V are both 
intrinsic geometrical parameters related to the probe and 
excitation lasers, respectively. The parameter m can be further 
denoted as the square ratio between the radius of the probe 
beam at the sample position (wlp) and woe. V represents the 
ratio between Z1 and Zcp, which represent the distance between 

the minimum beam waist and the sample position at the probe 
axis and the confocal parameter of the probe beam, 

respectively. Zcp can be further equated to 𝜋 𝑤𝑜𝑝
2 𝜆𝑝⁄ , where wop 

denotes the minimum beam radius of the probe laser 
wavelength (λp). Herein, we utilised woe = (125 ± 1) µm, wop = 
(127 ± 3) µm, Z1 = (0.238 ± 0.005) m and Zcp = (0.074 ± 0.005) m. 

Within the framework of Shen’s model,38 the amplitude of the 

TL signal is proportional to 𝜃, the thermally induced phase 

difference of the probe beam for a radius, r = 0 and r ~1.41woe 

(θ < 0.1), given by:37–39 

 

 

𝜃 = −
𝑃𝑖𝑛𝛼𝐿𝑒𝑓𝑓

𝜆𝑝𝐾
𝜑 (

𝑑𝑛

𝑑𝑇
)           (4) 

 

Where Pin and α represent the excitation power and the 

absorption coefficient at the excitation wavelength (λexc), 

respectively. 𝐿𝑒𝑓𝑓 = (1 − 𝑒−𝛼𝐿)/𝛼 is the sample effective 

thickness. The thermal conductivity, K = ρCD, where ρ denotes 

the volumetric density and C the specific heat capacity of the 

sample. φ, which is the fraction of the absorbed energy 

converted into heat by the sample, is related to Φf as follows:39 

 

𝜑 = 1 − 𝛷𝑓 (
𝜆𝑒𝑥𝑐

𝜆𝑒𝑚

)            (5) 

where λem is the average emission wavelength. In this work, the 

TLS approach was employed to determine f by fixing the 

excitation wavelength as well as simultaneously measuring both 

the radiative and nonradiative transitions of the sample upon 

excitation. Whilst the radiative emission signal is collected by an 

optical fiber connected to the spectrometer (Figure 2), the non-

radiative transitions are monitored by TLS operated in the 

mode-mismatched dual-beam configuration for 

multiwavelength excitations. 

Results and Discussion 

 

Steady-state absorption and fluorescence emission. Firstly,  

the steady-state absorption and fluorescence  emission spectral 

properties were investigated for the three amine-substituted 

diketopyrrolopyrrole materials in the solvent of 

dichloromethane to, i) aid in the selection of the experimental 

parameters to be utilised in the determination of Φf and ii) 

characterise these novel materials that could pave the way for 

their subsequent potential application. All three DPP-based 

materials exhibit broad and strong (ε = 4.6, 2.7 and 2.7 x 105 M-

1 cm-1 for TPADPP, mTPADPP and mDMADPP in 

dichloromethane, respectively) absorption bands in the visible 

region, with no observable vibronic progression, consistent with 

DPP systems bearing phenyl core rings.29,31 
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Figure 3. Normalised absorption (solid line) and fluorescence emission (dashed line) 

spectra of TPADPP (blue), mTPADPP (green) and mDMADPP (red) in dichloromethane. 

These bands, which can be attributed to π-π* transitions in all 

cases,31 are centred at ca 509, 490 and 516 nm for TPADPP, 

mTPADPP and mDMADPP respectively, thus indicating 

significant absorption of all three materials at the Ar+ laser lines 

which will be utilised as the excitation source in the 

multiwavelength TLS work. It is apparent the bathochromic shift 

on progression from mTPADPP to its symmetrical analogue 

TPADPP, consistent with an increase in the conjugation along 

the so-called long molecular axis of DPPs.40 Of note is the 

observed absorption maximum for mDMADPP, the largest of all 

three investigated systems. In this regard, we attribute the ca 

26 nm bathochromic shift on progression from mTPADPP to 

mDMADPP to a more efficient contribution of the lone pair of 

electrons in the amine nitrogen towards enhancing the 

conjugation in the latter due to additional phenyl ring and 

associated greater twist of the core ring in the case of mTPADPP 

(Figure 1). 

Fluorescence emission spectra of TPADPP and mTPADPP are 

both broad and unresolved (FWHM ca 3000 and 2800 cm-1 for 

TPADPP and mTPADPP respectively), exhibiting negligible 

differences in their emission maxima (𝜆𝑒𝑚
𝑚𝑎𝑥  = 612 and 613 nm 

for TPADPP and mTPADPP, respectively). The fluorescence 

emission spectra of mDMADPP exhibits the narrowest spectral 

envelope, with a FWHM of ca 1500 cm-1. Contrary to the 

observations made for the absorption spectra of the three 

materials, a clear hypsochromic shift was observed in the 

photoluminescence spectra when comparing mDMADPP 

(𝜆𝑒𝑚
𝑚𝑎𝑥  = 576 nm) with its aromatic amine bearing counterparts. 

Along these lines, it is known that DPP-based materials undergo 

a planarization of the core rings with respect to the core on 

progression from ground state to excited state relaxed 

geometries.31,41 Thus, we attribute these findings to smaller 

changes in core rings torsion in mDMADPP due to its more 

planar ground state geometry when compared to the other two 

materials (vide supra). The latter explanation is further 

supported by the observed significant differences in observed 

Stokes shifts (Δλmax = 3306, 4095 and 2019 cm-1 for TPADPP, 

mTPADPP and mDMADPP, respectively). The average emission 

wavelength, λem were determined by integrating the 

fluorescence emission spectra (Table 1), with yielded values 

consistent with the aforementioned emission maxima and 

FWHM. Further, we report in all cases fluorescence emission 

spectral shapes which are irrespective of the excitation 

wavelength, as illustrated in Figure 4. In this regard, it is of 

particular note the lack of changes in the emission maxima at 

the different excitation wavelengths that will be employed in 

the multiwavelength thermal lens studies (λexc = 457.9, 476.5, 

496.5 and 514.5 nm).  

Figure 4. Excitation-emission maps for TPADPP (left), mTPADPP (centre) and mDMADPP 

(right) in the solvent of dichloromethane.  

Comparison of the steady-state absorption and fluorescence 

emission spectra of the DPP-based architectures in 

dichloromethane with these of our benchmarking material, 

rhodamine 6G in ethanol is consistent with broader spectra for 

the DPP materials in all cases and larger spectral overlap in the 

case of rhodamine 6G. In this regard, we anticipate lower 

probability of self-absorption processes in these novel materials 

which broadens their applicabilities as photonic materials.31,42 
 

Photoluminescence quantum yield determination by thermal 

lens spectroscopy with reference sample. The 

photoluminescence quantum yields for the DPP materials were 

first determined by means of TLS employing the so-called 

method with reference sample.39 The TL transient signals for all 

three novel materials were measured with excitation 

wavelengths at 476.5 nm in all cases and excitation powers 

ranging from 0.13 to 1.29 mW, to evaluate linear dependence 

of the thermal lens signal amplitude,  with 5-8 different 

excitation powers. Maximum excitation powers were carefully 

selected as to avoid  values greater than 0.2, which can 

compromise reproducibility of the results39 

In all cases, we observed divergent TL transients, which are 

consistent with measurements in solution phase. Transients 

were then fitted employing Equation 3 and the obtained 

amplitudes plotted against the excitation power to evaluate the 

linear dependence (Figure 5D) as well as to further determine 

the /Pin utilising Equation 4 (Table 1).The absorption 

coefficient at λexc = 476.5 nm were calculated from the 

absorption coefficient spectra and are summarised in Table 1 as 

their product with the effective thickness, Leff. Subsequently, 

these were then used to determine the TL signal normalised by 

the absorbed power (Pin/Leff) to obtain Θsample = θ/PinαLeff. The 

fraction of absorbed energy converted into heat for each 

sample was obtained by dividing Θsample by that of the solvent 

(reference sample, Θsolvent = (1/λpK)dn/dT) determined by using 

literature data for K = 0.122 Wm-1K-1 and dn/dT = 5.5  10-4 K-

1.43 Lastly, the photoluminescence quantum yields were 
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determined and are summarised in Table 1 along with the 

parameters utilised to calculate them using Equation 4 and 5. 

In all cases we report high photoluminescence quantum yields, 

consistent with previously reported values for other DPP-based 

architectures.31 Of particular note is the Φf close to unity 

determined for mDMADPP under de-aerated conditions, which 

highlights the lack of significant non-radiative deactivation 

mechanisms for this derivative and places it among the highest 

reported values for N-benzyl substituted DPPs.29,31 In addition, 

to further understand the TL processes in these novel systems, 

we went on to determine the characteristic time constant for 

the TL phenomenon in these materials, tc. The latter allowed us 

to calculate the thermal diffusivity of the samples, D, employing 

tc = woe
2/4D for woe = 125 µm (Table 1). Both triphenylamine-

bearing derivatives, TPADPP and mTPADPP exhibit similar 

values which are ca 10% larger than the one obtained for their 

counterpart mDMADPP (D = 1.08, 1.06 and 0.96 10-3 cm2 s-1 

for TPADPP, mTPADPP and mDMADPP in dichloromethane, 

respectively), which we attribute to the different molecular size 

and solution viscosity.44 Along those lines, we determined a 

thermal diffusivity for neat dichloromethane solution of 0.84  

10-3 cm2 s-1, which is ca 8% larger than the often utilised 

literature value,43 consistent with acceptable solvent purity 

changes among suppliers. Importantly, the experimental 

determination of Φf in solution by TLS, assumes negligible 

differences between D of sample and solvent (reference). 

 

Figure 5. Average (n=10) time-resolved thermal lens transient signals for TPADPP (A), 

mTPADPP (B) and mDMADPP (C) in dichloromethane (λexc = 476.5nm). Illustrated 

theoretical fits were calculated using Equation 3. D Thermal lens amplitude signals at 

476.5 nm calculated from the theoretical fits as a function of the excitation power for 

TPADPP (blue filled circles), mTPADPP (green filled circles) and mDMADPP (red filled 

circles) in dichloromethane. Dashed lines illustrate linear regressions. 

 

Table 1. Average emission wavelengths (λem), thermal diffusivity for woe = 125 µm (D), thermal lens signals () obtained for λexc = 476.5 nm and normalised for the incident excitation 

power (Pin), product of the absorption coefficient (α) and the effective thickness (Leff) for λexc = 476.5 nm, thermal lens signal normalised for the absorbed power (), fraction of the 

absorbed energy converted into heat () and photoluminescence quantum yield (Φf) 

System λem / nm 

D / 

10-3 cm2/s 

±2.5% 

/Pin / W-1 

±2.5% 
αLeff    ±1.5% 

Θsample / W-1    

±3.0% 

            

±3.0% 

Φf     ±3.0% 

TPADPP 603 1.08 151 0.071 2124 0.300 0.85 

mTPADPP 599 1.06 189 0.082 2287 0.320 0.82 

mDMADPP 573 0.96 103 0.076 1360 0.190 0.94 

In cases where differences are observed, these are often 

associated to changes in the thermal properties of the system, 

namely the temperature dependence of the refractive index, 

dn/dT, and the thermal conductivity, K, resulting in errors in the 

experimentally determined values. Motivated by these 

shortcomings, we went on to develop a novel approach for the 

determination of Φf whereby multiwavelength TLS is combined 

with photoluminescence spectroscopy for the true absolute 

determination of the photoluminescence quantum yields 

without the need for solvent literature data. 
 

Photoluminescence quantum yield determination by simultaneous 
multiwavelength thermal lens and photoluminescence 
spectroscopy. We demonstrate the experimental determination 
of the photoluminescence quantum yields by simultaneously 
measuring both the radiative and nonradiative mechanisms 
upon sample excitation. By simultaneously measuring the 
thermal lens and photoluminescence signals following 
excitation with identical power (θ/Pin and If/Pin, respectively), 
the term accounting for the number of absorbed photons can 
be cancelled out and the parameter θ/If can be calculated. 
Importantly, this parameter exhibits a linear dependence with 

the excitation energy where the gradient is furthermore 
proportional to the photoluminescence quantum yield.  

 

Figure 6. Illustration of the radiative (orange straight arrow) and nonradiative (red wavy 

arrows) transitions following sample excitation at different wavelengths (λexc = 514.5, 

496.5, 476.5 and 457.9 nm) in a two energy-level diagram. 
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Using this novel approach, we first validated it by means of the 

widely employed reference standard material rhodamine 6G to 

then determined the Φf for the three investigated DPP-based 

materials and compared their values to those obtained by the 

previously described method using a reference sample. Whilst 

the radiative signal is collected by an optical fibre connected to 

the spectrometer (Figure 2), the non-radiative transitions are 

measured by means of TLS in mode-mismatched dual-beam 

setup employing different excitation wavelengths. Figure 6 

illustrates the radiative and non-radiative deactivation 

mechanisms following multiwavelength sample excitation 

utilising a simple two-level energy diagram. It is of note that the 

proposed method requires negligible changes in the spectral 

shape of the photoluminescence spectrum to occur at the 

different excitation wavelengths employed (vide supra). In all 

cases we observed that in agreement with Equation 5, the 

amplitude of the TL signal increases as the excitation 

wavelength decreases. The latter can be ascribed to an increase 

in the amount of absorbed energy that is converted into heat as 

the excitation wavelength decreases (Figure 6).   

 

 

Figure 7. A Characteristic average (n=10) time-resolved TL transients for rhodamine 6G 

in ethanol for λexc = 476.5 nm at different excitation powers. Black dashed lines denote 

theoretical fits utilising Equation 3. B Steady-state fluorescence emission spectra of 

rhodamine 6G in ethanol for λexc = 476.5 nm at different excitation powers. C Amplitude 

of the thermal lens signal (θ, filled circles) and area under the fluorescence emission 

spectra (filled squares) as a function of the excitation power. D Normalised thermal lens 

signal as a function of the excitation wavelength (dashed line illustrates linear fit). 

Figure 7 illustrates the time-resolved thermal lens transients 

(7A) and steady-state photoluminescence spectra (7B) of 

rhodamine 6G in ethanol at different excitation powers at λexc = 

476.5 nm. Similar behaviour was also observed for excitation 

wavelengths at 457.9, 496.5 and 514.5 nm. We report that, in 

all cases the amplitude of the signals exhibits a linear 

relationship with the excitation power, hence consistent with 

equal number of photons in prior to measured radiative and 

nonradiative processes (Figure 7C) which allows for the 

determination of the TL and photoluminescence signals 

normalised for the excitation power. The photoluminescence 

quantum yield is then calculated since the parameter /If is 

proportional to the fraction of absorbed energy converted into 

heat (φ) by means of Equation 5. We report Φf of ca 1.00 -

0.00/+0.05 for rhodamine 6G in ethanol (for λem = 551 nm) by 

our novel approach, which is in good agreement with previously 

reported studies reporting experimentally determined 

photoluminescence quantum yields for this primary reference 

standard of 1.00 +0.00/-0.05, 0.97 +0.03/-0.07 and 0.95 

±0.05.20,28,45 

 

Figure 8. /If as a function of the excitation wavelength for TPADPP (blue filled circles), 

mTPADPP (green filled circles) and mDMADPP (red filled circles) in dichloromethane. 

Solid lines denote linear fits with correlation coefficients, r2 of 0.9897, 0.9984 and 0.9811 

for TPADPP, mTPADPP and mDMADPP respectively.  

We devote the remaining of the manuscript to the 

determination of the photoluminescence quantum yields of the 

three investigated diketopyrrolopyrrole architectures in 

dichloromethane utilising our newly developed methodology. 

Figure 8 illustrates the ratio of the normalised thermal lens and 

photoluminescence signal for the excitation power as a function 

of the excitation wavelength. We observed linear relationships 

in all cases, where the fraction of absorbed photons converted 

into heat is inversely proportional to the excitation wavelength 

(Figure 6) and no predicted convergence as λexc tends to zero. 

The latter is consistent with the previous observation that the 

thermo-optical properties of DPP-containing solutions vary with 

respect to those determined for neat dichloromethane, which 

led to errors in Φf and warrants the development of novel 

experimental methodologies. Similarly to the case detailed for 

rhodamine 6G, the photoluminescence quantum yields can be 

obtained for the gradients of the linear fits in Figure 8 employing 

Equation 5. For all three investigated materials we report  (Φf = 

0.89 ± 0.03, 0.81 ± 0.02 and 0.94 ± 0.03 for TPADPP, mTPADPP 

and mDMADPP, respectively) interesting observations when 

these values are compared to those yielded by the method 

employing a reference sample, particularly in the case 

ofTPADPP (Φf = 0.81 ± 0.02 by means of the method with the 

reference sample), which now exhibits small but significant 

differences with respect to its asymmetrical counterpart 

mTPADPP. This increase in photoluminescence quantum yield 

on progression from triphenylamino- to dimethylamino-bearing 

systems can be accounted for by means of the observed 

hypsochromic shift in the emission spectra of mDMADPP (λem = 

576 nm) when compared to TPADPP (λem = 612 nm) and 

mTPADPP (λem = 613 nm). The latter can be associated to a 

lower lying LUMO level and narrower energy gap. Thus, within 
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the formalism of the Fermi Golden Rule of perturbation theory 

and the Equations derived from the Energy Gap Law,46–49 these 

experimental observations are consistent with materials with 

larger energy gaps being characterised by larger radiationless 

decay rate constants and hence lower photoluminescence 

efficiencies (Equation 1). The experimentally determined 

photoluminescence quantum yields for these novel materials  

highlight the importance of accurate and precise determination 

of photoluminescence quantum yields, particularly in cases 

where small systematic substitutions performed to core motifs 

result in small variation in the photophysical properties and 

further warrants the development of superior experimental 

methodologies like the one reported in this work.  

Conclusions 

In conclusion, a novel method for the experimental 

determination of photoluminescence quantum yields in diluted 

solutions is reported and ratified whereby the need for a 

reference sample is eliminated. Herein, we demonstrate that by 

simultaneously measuring both the radiative and nonradiative 

transitions upon sample irradiation, the photoluminescence 

efficiency can be determined. To do that, we collected the 

radiative signal by an optical fibre connected to a spectrometer 

and the non-radiative transitions by means of thermal lens 

spectroscopy in mode-mismatched dual-beam configuration 

employing different excitation wavelengths. As such, the 

resulting absorption power independent parameter denoting 

the ratio of both thermal lens and photoluminescence signals 

can be utilised to determine the quantum yields in a true 

absolute manner since it exhibits a linear dependence with the 

excitation wavelength. In line with most studies in the field, we 

tested and validated our developed method for liquid samples 

by means of rhodamine 6G. In light of our interest in the 

development of novel organic optoelectronic materials and the 

understanding that small systematic substitutions bear on their 

photophysical properties, we went on and synthesized three 

novel diketopyrrolopyrrole-based architectures. Their 

photophysical properties where evaluated in detail with special 

focus given to the photoluminescence quantum yields. 

Interestingly, we observed that by employing the novel 

approach we were able to discriminate between the quantum 

yields of two systems which we were previously unable to do 

utilising another methodology. Our proposed approach not only 

denotes an elegant way of determining the photoluminescence 

efficiency without the need for a reference material but has 

further demonstrated an ability to aid in the investigation of the 

effect that systematic substitutions bear on the photophysical 

properties, particularly in cases where these are small but 

relevant. As a result, we believe this work should be of interest 

to those developing novel methodologies for the accurate and 

precise determination and to those engaged in the rational 

realisation of organic optoelectronic materials with superior 

properties. 
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