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a b s t r a c t 

Human attribution of absorption onset wavelength ( λonset ) most often produces small, but non-negligible 

errors in the attribution of this value tied to the optical energy gap. The present work utilizes a free 

and freely available computer program (“0nset”) developed herein to determine the inflection point and 

subsequent x-intercept defining λonset . The manually attributed absorption curve λonset wavelengths are 

typically in error to the red (in 27 out of 38 attributions) for the dataset utilized in the present work 

when a rigorous manual analysis was performed implying a systematic human error. The raw ( −2 nm) 

and absolute (3 nm) errors are relatively small, but there are exceptions when the errors are even larger 

than 20 nm. The numerically computed results from 0nset are independent of application bias and will 

reduce errors moving forward by consistently generating λonset values from the same algorithm. Addi- 

tionally, it will reduce errors in circumstances where the inflection points are difficult to isolate or in 

regions like the UV where ∼5–10 nm errors are more significant energetically. Finally, 0nset only re- 

quires .csv inputs and is built for both Windows and Unix-based operating systems making uptake and 

usage straightforward for experimental groups. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

The onset wavelength ( λonset ) is a convenient heuristic for de- 

ermining underlying physical properties of a compound based 

olely on optical spectral data [1] . The value of λonset is often de- 

ned as the x-intercept of a tangent line (or line of best fit) on 

he inflection point for the lowest energy absorption transition of 

 compound regardless of whether the lowest energy transition is 

he highest intensity peak in the spectrum or not [2] . The onset 

avelength is meant to be an approximation of the E (0 −0) opti- 

al energy gap interpreted as the intersection of the absorption 

nd emission curves for singlet state emitting materials [3] . Non- 

missive (case 1) and low energy absorbing materials that weakly 

mit beyond Si-detector or photomultiplier tube limits (case 2) 

ften inherently require estimation of the optical energy gap as 

hown in Fig. 1 . Similarly, triplet emitters with facile intersystem 

rossing require the use of a tangent line fit on the high energy 

ide of the emission curve to approximate excited state energy lev- 
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ls since singlet state absorption-triplet state emission curve cross- 

ng is non-informative, case 3 from Fig. 1 . 

Beyond absorption and emission spectroscopy, several addi- 

ional types of data require the use of onset value determina- 

ion via lines of best fit typically manually drawn onto the data 

amples. Examples with this analysis published in the literature 

nclude articles on thermalgravimetric analysis (TGA), [4] differ- 

ntial scanning calorimetry (DSC), [5] Tauc plot analysis, [6,7] X- 

ay/ultraviolet photoemission spectroscopy (XPS/UPS), [8–12] and 

nverse photoemission spectroscopy (IPES) [11–13] . 

Moreover, the onset wavelength is used to quantitatively predict 

n approximate optical gap of the compound [14] by utilizing the 

quation: 

 

opt 
g = 

hc 

λonset 
(1) 

he product of h and c, Planck’s constant and the speed of light, 

espectively, is typically approximated to 1240 nm. As a result, 

onset is a straightforward value determined from observed prop- 

rties that do not require more detailed analysis beyond an opti- 

al absorption characterization [15] . Materials applications for such 

 property range from solar energy production to light emitting 

iodes to photocatalysis among many other uses for materials uti- 

izing the emission or absorption of photons. 

https://doi.org/10.1016/j.jqsrt.2021.107544
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2021.107544&domain=pdf
mailto:r410@olemiss.edu
https://doi.org/10.1016/j.jqsrt.2021.107544
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Fig. 1. Three examples where absorption and emission intercepts ( E (0 −0) ) are non- 

obtainable. Case 1: The material is non-emissive. Case 2: The emission is beyond 

detector or photomultiplier tube limits for the instrument available. Case 3: Inter- 

system crossing (ISC) occurs resulting in the excited state energy lowering and be- 

ing non-informative relative to the absorption energy. 
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As applicable as utilizing λonset to determine E 
opt 
g is, a generally 

ccepted, rigorous means of determining this value has not been 

etermined. Again, λonset is most often determined manually. In 

ome cases, the spectrum is projected onto a screen, and a me- 

erstick is stretched from the perceived inflection point to the x- 

xis in order to determine this intercept. Even when straight lines 

re applied to an absorption or emission curve visually on a com- 

uter screen, proper selection of the inflection point or creation 

f an approximate tangent line is only accurate within a certain 

indow. Additionally, λonset is often determined by simply observ- 

ng where the curve nears zero on the x-axis. Likely the largest 

rror introduction is with this approach. As a result, the determi- 

ation of λonset is fraught with human errors and is reminiscient 

f cutting out paper readouts of NMR spectra and weighing the 

ctual paper to get relative areas for comparison [16] . While such 

ractices were state-of-the-art in the middle of the last century, 

omputer analysis of standard spectral output has revolutionized 

MR spectroscopy through numerical integration of the peak areas 

16,17] . Similarly, computationally determining an optical spectrum 

nflection point and tangent line is straightforward with modern 

ools (even though it is currently not standard practice) and should 

ake finding λonset not only more accurate but also more conve- 

ient and consistently approximated within the research fields that 

tilize this metric. 

Additionally, λonset and its closely-related optical energy gap are 

hallenging to obtain in some instances, especially when working 

ith weakly emissive compounds. This could be due to the intrin- 

ic optical properties for the compound of interest or even due to 

he spectral region where the lowest energy transition occurs. Pro- 

ector and meterstick (or digital line and computer screen) analy- 

is breaks down quickly when the peaks are short and wide mak- 

ng the inflection point difficult to isolate [2] . Furthermore, “eye- 

alling” λonset is easily skewed when moving into the UV region 

here the difference of a few nm could be on-the-order of 0.5 eV 

r more [18] . Numerical analysis can find the proper inflection 

oint and corresponding x-intercept regardless of the peak height, 

idth, or region of the spectrum. 

Consequently, a more robust method is needed in optical ma- 

erials research fields. The tool utilized must interface easily with 

xisting experimental data outputs, work on the sub-second time 

cale, and be user-friendly enough so that it can have ready up- 

ake by practioners in the field who are already inundated with 
2 
ozens of tools. Hence, this paper will present such a program 

called “0nset”) and comment on the attribution of recently re- 

orted λonset values from the literature compared with results 

omputed by 0nset. This program should reduce the errors (or at 

east systematize results) for λonset attribution by introducing a 

ew, user-friendly computational paradigm for analysis. 

. The “0nset” program 

The “0nset” program operates on a local host and runs a 

ython-Flask application through an executable file. The program 

akes a zeroed baseline dataset in the form of a .csv file and calcu- 

ates the λonset after the longest wavelength/lowest energy peak or 

houlder in the data. Manual input ranges enable users to choose 

ifferent ranges from the dataset, and the x-direction feature per- 

its the selection of either side of the local maximum for finding a 

onset line. After selecting the units, clicking the “upload file” but- 

on will display a graph with the data and the functional form of 

he line used to calculate the λonset . Additionally, this page displays 

he polynomial fit used for calculating the derivatives and allows 

sers to save a figure with user-specified modifications to the axis, 

anges, λonset line existence, filename, and title. 

The program extracts the rows and columns of the data from 

he file and finds the maximum within the given range. In order 

o ensure that the plotted lines match the data in a future step, 

he y-values are all divided by the maximum y-value normalizing 

he functional ordinate. The program then runs the algorithm sev- 

ral times in the background shifting the input range up to form 

everal λonset lines from different polynomial fittings. The fourth 

egree polynomial fitting slightly changes the onset value; there- 

ore, several shifted ranges are used to form a more accurate and 

eproducible output. The onset lines are determined through cal- 

ulating the numerical first and second derivatives over the shifted 

nput ranges to find the inflection point. 

After the algorithm plots several lines (which are not presented 

o the user), the lines are evaluated based on their slope’s steep- 

ess and how well the line fits the original dataset within 15 

ata points from the inflection point. The matching is determined 

hrough a list of booleans produced by numpy.isclose () , which uses 

he evaluation absolute(a - b) ≤ (atol + rtol ∗ absolute(b)) where 

tol = 1e-06 and atol = 1e-02 . The total number of Trues are summed

o be the matches. The line with the highest value from the equa- 

ion value = (matches) - 1500 ∗ (slope) is used as the final λonset 

ine. Due to normalizing the maximum absorption data point to 

.0, the evaluation will work regardless of units provided in the 

nput dataset. If the original units are desired for display, then the 

ption can be selected under the “Y Values” dropbox in the input 

age. 

The equation of the line is acquired through plotting a line that 

asses through the inflection point with the slope determined by 

he first derivative at that point and the y-intercept coming from 

he original function at that point. Then, the line is translated to 

ass through the inflection point, and where the onset value is re- 

orted as the x-intercept of the final line generated. 

Although the program can find an onset after the longest wave- 

ength peak without manual input ranges, the program should be 

un again with manual input ranges to ensure that the desired 

eak is selected and that the polynomial fitting finds the appro- 

riate inflection point. For example, Fig. 2 displays the the output 

raph for the molecule C5 with a phosphorus hexafluoride coun- 

erion in the solid state [15] . When the program is run with no 

anual ranges - the “Minimum X Value” and “Maximum X Value”

oth are “0.0” - it finds the maximum in the dataset and the next 

nflection point. In this example, the initial estimate over the en- 

ire range of the data places the λonset at 851 nm. However, a 

ore sensible, yet still large, range (800 nm to 900 nm) encom- 
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Fig. 2. 0nset determination of λonset for a thin film of C5 with a wide input range. 
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asses the entire low-energy side of the curve produces a mini- 

ally shifted λonset of 855 nm as shown in Fig. 2 . Further refine- 

ents to a smaller range do not change this onset wavelength. The 

nits are also variable; nm, cm 
−1 , and eV are currently available. 

Consequently, after a first attempt, the user should define a 

anual input range that starts before the local maximum of the 

esired peak without including a higher maximum before the peak 

o as to isolate the actual curve feature of interest. Next, the min- 

mum should be a point after the local minimum. This provides 

 large enough range for the program to make several polynomial 

ts in order to ensure the best λonset line is selected and that it 

ontains the true inflection point in the data. Using AP14 as an ex- 

mple in Fig. 3 , the initial guess without a data range does not

roduce the proper inflection point and the corresponding λonset 

alue is not near a sensible range. However, it permits the user to 

ee the graph and what interval the program selected for the input 

ange. The input page in the top of Fig. 4 shows the selected in-

ut range for this dataset and the output shows the correct λonset 

ine through the appropriate inflection point. Therefore, the pro- 

ess should be to first run the program without an input range 

nd then run it again with a more defined range for a particular 

eak. 

. Analysis approach 

In order to assess the proficiency for the “0nset” program, 

8 previously attributed λonset values and their associated spec- 

ra have been taken from the literature and from our group. The 

0nset” computed λonset values are determined by utilizing the 

bove approach where an initial run produces an estimated x- 

ntercept for consideration before the range containing the inflec- 

ion point is limited by the user. This results in much better be- 

aved tangent lines as the example of AP14 has highlighted in 

igs. 3 and 4 . 
3 
The differences in the previously attributed and the presently 

omputed λonset values are reported in this work. The raw differ- 

nces are averaged as well as the absolute values of the differences 

here the latter gives the mean absolute error or MAE. Percent dif- 

erences are also computed as the difference in the numerator and 

he previously attributed λonset as the denominator. This is inter- 

reted to show how much error in the manual attributions may 

esult. 

. Results and discussion 

Table 1 reports a list of 38 different λonset values taken from 

he recent literature as produced in the Delcamp group and the 

orresponding 0nset-computed values from this present work. The 

ntries selected include organic dyes with high energy charge 

ransfer bands ( λonset ≤ 500 nm), organic dyes with low energy 

harge transfer bands ( λonset ≥ 600 nm), organic cyanine-type ab- 

orption spectra (750 nm ≤ λonset ≤ 1020 nm), and metal-to-ligand 

harge transfer transition metal complexes. A variety of spectral 

hapes are represented here with some broad charge transfer tran- 

itions and sharp cyanine type transitions. Spectra with and with- 

ut shoulders as the low energy transition are purposefully se- 

ected to probe the capabilities of the 0nset program. The MAE for 

he difference is 3 nm. The raw average is −2 nm. The percent er- 

ors, which are agnostic to the region of the spectrum involved, 

ave averages of 0.55% and −0.24%, respective of absolute and raw 

atasets. The previously manually-attributed λonset values are typ- 

cally reported in 5 nm increments, and the errors, regardless of 

aw or absolute, are on the order of such an increment. While the 

verall averages do not produce a large error on average, the range 

f error deviates from the average to 11 nm in Mn(bpy) 2 Br 2 to 

29 nm in Ir(ppy) 3 , or 2.29% to −5.92%, respectively, in our set. 

Some λonset attributions appear to be more straight-forward 

han others. For instance, C5 with PF 6 [15] is identical between 

he attributed experimental and the computer-analyzed λonset re- 

ults. However, the raw average of the difference between the pre- 

iously attributed and the 0nset λonset is negative, with 27 of the 

8 differences in Table 1 resulting in negative values. This indi- 

ates that the observer is most often subconsiously inclined to ar- 

ificially red-shift the attributed λonset consequently producing a 

maller E 
opt 
g and underestimating the optical energy gap. Such a 

ifference could lead to difficult and time-consuming synthesis of 

oundary pushing materials that may not have the needed proper- 

ies for the desired application. This would result, then, in a signif- 

cant inaccuracy for many optoelectronics applications. 

Whether the human determination of the inflection point itself 

r “eyeballing” of the slope of the tangent line (or a combination 

f the factors) is the cause for this common error is unclear. The 

8 entries in our dataset have, in large part, been synthesized with 

ims of creating longer wavelength absorption/emission properties. 

his objective could also be shifting the results by a subconscious 

esire from the observer to create materials with λonset values 

ore toward the red. In any case, the remedy for this seemingly 

ystematic error is to utilize a non-biased computational analysis 

o determine the λonset value in the future. 

E (0 −0) is generally the preferred method of determining op- 

ical energy gap values when measurable. However, when these 

alues can not be obtained, alternative optical energy gap esti- 

ations are used with line of best fit and 10% absorbance peak 

eight measurements being the most commonly employed ( Fig. 5 ). 

any researchers prefer the 10% peak height method due to the 

ack of ambiguity or human error in obtaining the value. However, 

ith computerized approaches, this ambiguity can be eliminated. 

e are unaware of a systematic study comparing the two meth- 

ds without potential human bias. For all of the cases with ex- 

erimental E (0 −0) data available (31 dyes), the average 0nset and 
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Fig. 3. The starting input screen on the top and the output graph on the bottom. 
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0% height values are compared. On average, the 0nset values are 

ithin 19 nm (0.05 eV) of the E (0 −0) values. In all cases except 

ne, the 0nset values are red-shifted relative to the E (0 −0) values. 

omparatively, the use of 10% half height values results in a less 

orrelated value to E (0 −0) than 0nset with red-shifts on average of 
4 
1 nm (0.07 eV). Notably, the 10% height analysis and the human 

stimated line of best fit method give substantially different values 

40 nm or a 0.18 eV difference) when comparing values on curves 

ith overlapping features such as in the case of W(pyNHC)(CO) 4 
Fig. S34). 
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Fig. 4. The modified input screen on the top and the output graph on the bottom. 
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Finally, the applicability of the 0nset program toward emission 

urve λonset estimations on the high energy side of the curve are 

hown in Fig. 6 . This analysis is important since non-singlet state 

mitters often have the first triplet excited state energy level (T 1 ) 

alues estimated from the emission curve rather than the absorp- 
5 
ion curve as was used in all of the prior examples. The λonset of 

he emission curve is an applicable method of estimating the en- 

rgetic distance from the T 1 to the ground state energy level (S 0 ) 

or compounds exhibiting intersystem crossings ( Fig. 1 , case 3). 

r(ppy) provides a key example of the utility of the 0nset program. 
3 
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Table 1 

Comparing the Previously Attributed and Computed λonset Values (in nm). See Fig. S43 for dye structures. 

Dye Reported 0nset Value 10% Height E (0 −0) Diff. a Percent Diff. (%) Reference 

C5 w/ TFSI in DCM 875 872 876 850 −3 −0 .34% [15] 

C5 w/ BARF in DCM 875 871 876 847 −4 −0 .46% [15] 

C5 w/ Cl in DCM 870 869 875 840 −1 −0 .11% [15] 

C5 w/ NO 3 in DCM 870 871 878 846 1 0 .11% [15] 

C5 w/ PF 6 in DCM 870 870 876 848 0 0 .00% [15] 

C5 w/ TPB in DCM 875 870 876 851 −5 −0 .57% [15] 

PhIndzC1 in 1:1 MeCN/H 2 O 695 699 702 669 4 0 .58% [19] 

PhIndzC3 in DMSO 740 739 744 720 −1 −0 .14% [19] 

PhIndzC5 in MeCN 855 854 859 786 −1 −0 .12% [19] 

IndzOMe-C5 in DMSO 885 880 884 853 −5 −0 .56% [19] 

PhCN-C5 in DCM 880 879 883 848 −1 −0 .11% [19] 

PhOMe-C5 in DMSO 870 867 872 830 −3 −0 .34% [19] 

PB1 in DCM 650 648 656 585 −2 −0 .31% [20] 

AP11 in DCM 470 470 464 476 0 0 .00% [21] 

AP14 in DCM 495 496 493 493 1 0 .20% [21] 

AP16 in DCM 475 477 473 446 2 0 .42% [21] 

AP17 in DCM 455 453 452 441 −2 −0 .44% [21] 

bis CF 3 PhIndzSQ in toluene 745 744 751 735 −1 −0 .13% [22] 

bis tBuOH PhIndzSQ in toluene 740 736 744 726 −4 −0 .54% [22] 

CF 3 PhIndzSQ in toluene 750 749 762 738 −1 −0 .13% [22] 

CNPhIndzSQ in toluene 755 752 764 734 −3 −0 .40% [22] 

MesPhIndzSQ in toluene 745 743 754 725 −2 −0 .27% [22] 

NaphIndzSQ in toluene 755 753 767 740 −2 −0 .26% [22] 

OH PhIndzSQ in DMSO 755 752 770 726 −3 −0 .40% [22] 

OMe PhIndzSQ in toluene 750 748 768 731 −2 −0 .27% [22] 

PhIndzSQ in toluene 750 748 764 731 −2 −0 .27% [22] 

PyrIndzSQ in toluene 750 750 761 736 0 0 .00% [22] 

RhIndz in DCM 1040 1033 1044 1004 −7 −0 .67% [23] 

Mn(bpy)(CO) 3 Br in MeCN 480 491 482 non-emissive 11 2 .29% [24] 

Mn(bpy) 2 Br 2 in MeCN 455 451 465 non-emissive −4 −0 .80% [24] 

ICG in MeOH 830 829 835 804 −1 −0 .12% [25] 

SO3C5 in MeOH 850 848 858 805 −2 0 .24% [25] 

SO3SQ in MeOH 735 731 744 710 −4 −0 .54% [25] 

W(pyNHC)(CO) 4 in MeCN 450 446 540 non-emissive −4 0 .89% [26] 

AP25 in DCM 765 761 770 N/A b −4 −0 .52% [27] 

Ru(bpy) 3 Cl 2 in MeCN c 550 551 549 triplet emitter 1 0 .18% [28] 

Ir(ppy) 3 in MeCN (410 nm) c , d 480 480 477 triplet emitter 0 0 .00% [28] 

Ir(ppy) 3 in MeCN (490 nm) c , d 490 e 461 N/A f triplet emitter −29 −5 .92% [28] 

Raw Average −2 −0 .24 

Absolute Average 3 0 .55 

a Difference taken between the 0nset value and the reported value. 
b Beyond photomultiplier tube ∼850 nm detection limit. 
c Data is reported from the emission curve on the high energy side. 
d The emission maxima and low energy onset shifts with a change in excitation energy. 
e Rough estimation due to minimal curve shape observed on the high energy side of the emission due to overlap with the excitation 

signal. 
f Not observable due to overlap with the excitation signal. 

Fig. 5. An illustration of the two methods, 10% absorption peak height ( λonset 10% ) 

and line of best fit ( λonset ), commonly used in the literature to approximate E (0 −0) 

values when E (0 −0) values cannot be obtained. 
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6 
r(ppy) 3 , when excited at 490 nm, results in an emission λonset es- 

imate at 461 nm via the 0nset program. The higher energy emis- 

ion than excitation observed by the compound is due to the pho- 

oexcitation of an electron in a higher S 0 vibrational energy level 

ollowed by an emission to a lower S 0 vibrational energy level. As 

ith any compound that participates in intersystem crossing, the 

bsorption and emission transitions are from different spin states 

hich does not allow for the use of E (0 −0) values if the curves 

ross. Thus, the use of the 0nset program is attractive for estimat- 

ng the T 1 energy level. When finding the emission curve λonset , 

he high energy side is used which 0nset is amenable to with a 

imple selection click for x-axis direction shift set to “decreasing.”

ig. 6 shows the emission curve obtained with Ru(bpy) 3 Cl 2 with a 

uman estimated onset value of 550 nm. The 0nset estimation is 

n close agreement with this value at 551 nm. 
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Fig. 6. 0nset determination of λonset emission for Ru(bpy) 3 Cl 2 . 
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. Conclusions 

Previous λonset values are in error from accurately computed x- 

ntercepts of lines tangent to the inflection point of the lowest en- 

rgy λmax by an average of −2 nm. While, this is not a tremen- 

ous error, this present analysis shows that for the sample set, 

uman error tends to lean towards longer wavelength values arti- 

cially decreasing the associated E 
opt 
g and optical energy gaps by 

s much as 5%. The percent errors between the human-derived 

nd computed λonset are typically within 1%, but future analysis 

ould benefit from a more robust and, most notably, more consis- 

ent approach for determining the onset value, especially for ap- 

lications to shorter wavelengths and higher energies into the UV 

egion like those for Mn(bpy)(CO) 3 Br, Ir(ppy) 3 , and Mn(bpy) 2 Br 2 
eported herein. 

Finally, this program makes use of standard .csv files, is built on 

n HTML interface, is available for the both the Windows and Unix- 

ased operating systems, and is freely downloadable via GitHub. 

his provides easy access and usage to experimental groups who 

re determining the spectra of novel, synthesized compounds with 

pplication to next-generation optical materials. Most importantly, 

his software has the potential to unify how λonset values are ob- 

ained since very often these are only estimated by simply look- 

ng (without even human-drawn tangents), which is often a point 

f discussion about how the value is obtained since methods can 

ary widely between research teams. 
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