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Photoscopy: Spectroscopic Information from 

Camera Snapshots? 

Thimon Schwaebel,a Sebastian Menning,a and Uwe H. F. Bunza,* 

The interconversion of photographic and emission spectroscopic data is described. The 

approach allows collecting robust color information cheaply and quickly by photography. 

Photographs of arrays of emissive solutions are obtained in a fraction of a second, containing 

color information equivalent to that of multiple emission spectra. Critical is the extraction of the 

color information and comparison to emission spectra of the same array. Calibration of the 

camera, used as three channel detector is critical. Pseudo color matching functions (not the CIE 

standard observer), easily measured, are the key. When using RAW data from photographs, the 

extracted color information (camera specific chromaticity coordinates rg) is unique, but one-to-

one correspondence with emission spectroscopic data is not achievable. The rg values are 

extracted from the emission spectra by multiplication of the spectra with the calibrated, camera 

pseudo color matching functions. The photograph/spectra relation is unique, as long a single 

emission line is concerned, true for most practical cases.  

Introduction 

We herein show the interconversion of spectral and 

photographic data of solutions of fluorophores by using color 

coordinates; these define color and allow the direct successful 

comparison between color information obtained either through 

spectroscopy or photography.  

If one opens a peer-reviewed journal in almost any area of 

chemistry, there are a score of articles that show snapshots of 

fluorescent or non-fluorescent dye and dye-analyte solutions.1 It 

is obvious that such snapshots are valuable as they often allow 

direct identification of analytes (eye), but it is less clear, if 

photographs contain useful, extractable, spectroscopic 

information. 

In supramolecular/analytical chemistry a constantly recurring 

problem is the generation of large amounts of color data.2-4 

These large data sets result, when investigating even small 

libraries of reactive fluorophores (fluorescent dyes) changing 

their emission color upon exposure towards chemical or 

environmental stimuli.5 The problem of data acquisition and 

processing becomes even more serious, if such fluorescent dyes 

are explored in different solvents and tested against multiple 

analytes.6 Fundamentally, one can perform data acquisition 

brute force; a plate reader equipped with a fluorimeter takes 

hundreds of spectra and then compares them for subtle changes 

in emission wavelength, half peak width and emission intensity. 

A sophisticated statistical program such as SYSTAT evaluates 

the data to discern different analytes binding to the fluorophore. 

Such an approach is time consuming and not very intuitive. 

Often, looking at multiple samples, one can qualitatively 

discern all of the analytes by simple emission color change - in 

the blink of an eye. Consequently, emission spectroscopy, 

despite being the gold standard of characterization, may not be 

the most effective tool when dealing with large amounts of 

emission data. Digital photography might be a more suitable 

format to acquire the desired data quickly and efficiently. The 

central question is, how and if the data acquired by digital 

photography can be standardized and directly compared to 

fluorescence spectroscopic data.  

Both, analytical chemists and computer graphic designer deal 

with the interconversion of spectral and photographic 

information. The transformation of spectral information into 

photographic data (i.e. color coordinates) has important 

practical implications for chemists when dealing with large 

amounts of data, while computer game developers must include 

diffraction and shadow effects for more sophisticated game 

graphics using physical laws.7 

Suzuki et al. introduced the concept of Digital Color Analysis.8 

They detected non-luminescence colors and converted 

absorbance spectra of a lithium ion sensor system with the color 

matching functions of the Commission internationale de 

l’éclairage (CIE) standard observer (Figure 1) into CIE La*b* 

coordinates (chromaticity) and saw color changes as response 

to increasing concentrations of lithium ions. We expand this 

concept to analyze fluorescent colors. We will use Digital Color 
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Analysis with fluorescence spectra and data from a digital 

camera to detect and quickly identify fluorescent solutions. 

 
Figure 1. Color matching functions of the CIE standard observer (1931). 

We have treated spectroscopic data (from emission spectra) 

with the standard observer curves (Figure 1) to extract 

chromaticity coordinates. To compare with values from 

photographs, we assumed that transformations made by the 

camera and Adobe Photoshop to convert the light signal into 

RGB (and therefore chromaticity ), employ the CIE standard 

observer.9 Such photo-extracted values unfortunately fall short 

when comparing them to chromaticity coordinates extracted 

from spectra of identical solutions. The color matching 

functions of the camera sensor are not the functions of the CIE 

standard observer and are not available from the manufacturer 

of our camera, citing corporate secrecy. 

We needed to experimentally extract camera depended pseudo 

color matching functions (PCMF) to compare chromaticity 

coordinates obtained by our camera and the fluorimeter 

respectively. A digital camera as “spectrometer” seems 

unorthodox. But it is a detector observing light with a 

resolution of 5 to 19 mega pixel - each suitable for analysis. 

Using red, green and blue filters, color information is recorded 

as intensity of a specific spectral area. Each pixel can be used 

as a mini detection unit.10 Multiple samples are recorded 

simultaneously with one image, making the digital camera an 

ideal tool for the analysis of even large sensor arrays.  

Using calibrated color charts it is possible to calibrate a digital 

camera for any ambient light. This method is used in 

photography but it is useless in our case because we record the 

color of light emitting objects and not spectral reflectance.  

Martínez-Verdú et al. described a method to determine the 

PCMFs of a digital camera11 and a procedure to convert the 

digital camera into an absolute tristimulus colorimeter to 

identify non-fluorescent colors (spectral reflectance).12 Sigernes 

et al. introduce a simpler procedure to calibrate a camera for 

auroral imaging.13,14 Using these methods, several PCMFs of 

commercially available digital camera have been determined.15  

Color Representation 

According to Grassmann any color can be described by three or 

more parameters.16 These parameters can be colors or attributes 

such as saturation, hue and intensity, resulting in different color 

models. Employing different primary parameters there are 

several vector color spaces for each color model. Independent 

of the color model and color space, any color can be 

transformed mathematically between each of them. 

The CIE color model belongs to the color perception of the 

human eye and encodes all visible colors in a tri-chromatic 

additive color model. The primary colors (X: imaginary red, Y: 

imaginary green and Z: imaginary blue) of this model are 

mathematically constructed and do not correspond to physical 

colors. There are however additional color value combinations 

in this color space describing “color” that have no physical 

meaning. 

Color values X, Y and Z of the color space CIE XYZ are easily 

extracted from emission spectra by calculating the integrated 

product of the emission spectrum of the fluorophore with the 

color matching functions of the CIE standard observer 

(Figure 1). The area under the respective curves then represents 

the numerical color values of the X, Y, and Z coordinates. 

These XYZ color values are converted into reduced 

chromaticity coordinates xy when normalized spectra instead of 

absolute spectra are employed, because there is no absolute 

information about the intensity of the color in the normalized 

spectra. This procedure can also be employed to a digital 

camera using PCMFs instead of color matching functions of the 

standard observer leading to rg coordinates instead of xy. The 

color space of the digital camera and that of the human eye 

(CIE XYZ) are different but it is possible to convert rg values 

to xy values if necessary. 

To illustrate chromaticity coordinates we focus on the cube of 

an RGB color space (Figure 2, R: red, G: green and B: blue). 

Mixing the primary colors RGB in different ratios and values, 

any color inside the cube can be created. If each color is mixed 

in the same ratio of the primary colors (1:1:1) but with different 

color values, different shades of grey are constructed on the 

diagonal connecting black and white. As one can see, the 

absolute value of the color vector (modulus) defines brightness. 

 
Figure 2. Color space of a RGB color model. All colors inside the cube are mixed 

by the primary colors R, G, and B. The diagonal connects the achromatic colors, 

black and white, using the same ration (1:1:1) but different color values of the 

primary colors. 
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Chromaticity coordinates are a function of color values and 

implement a normalization of color information:  
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As there are normalized values, these encode color without 

brightness and therefore the equation 1 = r+g+b applies. 

Consequently, any combination of two variables is enough to 

solve this equation and to describe color. For convenience rg 

values are selected in style of the CIE coordinates xy. 

How are xy and rg values connected conceptually? The 

chromaticity coordinates xy belong to the color space CIE XYZ 

with the standard observer color matching function. Any other 

color matching functions result in a different RGB color space 

with its own specific rg chromaticity coordinates. Consequently 

we can also transform emission spectroscopic data into rg 

coordinates of this specific color space by integration of the 

spectral features with the PCMFs. In principle any detection 

device has its own color space and it should be noted by 

subscript the specific PCMFs. There are mathematical 

transformations to convert rg coordinates into device 

independent xy coordinates.18 However, as we only use the 

PCMF of our camera, subscript and transformation is not 

necessary. 

Results and discussion 

Determination of pseudo color matching functions. Simple 

setups (SI; Setup I, III and IV) record grid diffracted, 

monochromatic light with a fiber spectrometer and a digital 

camera (Canon EOS 7D). The monochromatic light obtained 

from the grating ranged from 390 to 710 nm. From this data, we 

extracted for the same wavelength both, the spectra of the 

monochromatic light L(λ) (Figure 4, middle) and the 

normalized RAW counts of the image intensities for each 

channel k (R, G, B) (left). Data obtained from JPEG pictures 

cannot be employed, because their RGB color values are not 

linearly transformed by the camera software and do not obey 

the formula of image irradiance. We create the PCMFs S(k)(λ) 

for this specific camera (right). Simplified, the recorded image 

intensities of the three channels R, G and B are divided by the 

spectra of the monochromatic light (see a detailed procedure in 

the SI). Independent of the used setup the determined PCMFs 

are similar (SI; Figure S27; Figure S28). Using an Ulbricht 

sphere (SI; Setup I) is favoured over a screen (SI; Setup III 

and VI) because the light is recorded directly and not a 

reflection. Therefore it is recommended to use an Ulbricht 

sphere though this is expensive equipment. 

The color matching functions of the CIE standard observer 

(Figure 1) and the PCMFs of the Canon EOS 7D (Figure 4, 

right) are not identical. Transforming the rg coordinates of the 

monochromatic light into the CIE xy chromaticity diagram, we 

determined the gamut of the Canon EOS 7D (Figure 3).18 The 

red dots represent the chromaticity coordinates of the 

monochromatic light and enclose the color space of the camera. 

This gamut does not match the gamut of the human eye but the 

biggest part of the observed color is correctly encoded by the 

camera. This mismatch results probably from the process of 

calculating the transformation matrix. There are several 

methods to determine the transformation matrices18 and it is 

important in digital photography to have the correct 

transformation matrices to capture the correct colors of a scene. 

But for our purposes we do not have to know the correct 

transformation matrix, as we adjust the processing of our 

spectral data. Using the specific PCMFs of our camera instead 

of the standard observer color matching functions, we obtain 

camera-specific chromaticity coordinates rg values from the 

emission spectra. We work in the rg chromaticity diagram of 

our digital camera and not in the chromaticity diagram (xy) of 

the standard observer. 

 
Figure 3. The CIE 1931 color space chromaticity diagram with the gamut of the 

human eye (black) and with the gamut of our digital camera Canon EOS 7D (red). 

The red dots represent the chromaticity coordinates of the monochromatic light 

that was employed here. The attached numbers on the lines represent the 

wavelength in nm of the corresponding monochromatic light and E the white 

point.  

This calibration is the center piece of this contribution; it allows 

with optimized parameters of our photographic setup to directly 

compare rg values from emission spectra with those obtained 

from photographs. In our hands, for emitted light well visible 

by the human eye, an exposure time of t = 1/10 s, with an f-

number of F 2.8, ISO value of 100 and a fixed white balance of 

5500 K gives reliable results. Note that we do not use the 

camera to take pictures in the traditional sense, instead it acts 

as a three filter detector. We tested this detector for three light 

sources: LEDs, solutions of inorganic quantum dots and 

solutions of organic fluorescent dyes. 

Identification of LEDs. We investigated LEDs with emission 

colors from blue to red and white, but we could not record the 

light of the LEDs directly. The high intensity of LEDs 

overexposed the sensor of the camera so we mounted the 

different LEDs in position P (SI, Setup I) illuminating the 

integration sphere. We took spectra and photographs of the 
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emission color at the opening of the Ulbricht sphere (Figure 5, 

left). With the PCMF in hand we recorded normalized spectra 

of the LEDs, calculated the chromaticity coordinates rg of their 

color and then compared these to the photo-extracted rg values 

of the same LEDs (Figure 5, right) (see a detailed experimental 

description in the SI). The match is excellent with a deviation 

of 0.0018 to 0.0115.  

 
Figure 4. Depiction of calculation of PCMFs of the digital camera Canon EOS 7D (right) using Setup I (SI, Figure S1). Normalized RAW counts of the image intensities of 

the channel R, G, B (left). Relative monochromatic spectra (middle). The inlet shows the JPEG images of the recorded light from 400 - 690 nm. 

 
Figure 5. Normalized emission spectra and JPEG photographs of the LEDs (A); comparison of the chromaticity coordinates rg obtained from the spectra (black) and 

the photography (red) of LEDs placed adjacent to the Ulbricht sphere (SI, Setup I) (B). The deviation Δ is next to each pair.  

 
Figure 6. Normalized emission spectra and JPEG photographs of the of the quantum dot solutions (A); comparison of the chromaticity coordinates rg obtained from 

the emission spectra (black) and from the photography (red) of CdSe quantum dot solutions in toluene (B). The deviation Δ is next to each pair. 
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Figure 7. Normalized emission spectra and JPEG photographs of the of the dye solutions (A); comparison of the chromaticity coordinates rg obtained from the 

emission spectra (black) and from the photography (red) of solutions of the fluorophores quinine sulfate (Q), rhodamine b (RB), and fluoresceine (F) at two different 

concentrations (B). The deviation Δ is next to each pair. 

 

Identification of fluorescent solutions of CdSe-quantum dots 

and solutions of organic dyes. To investigate fluorescent 

solutions we changed the setup (SI, Setup II). A 3 W UV-LED 

(excitation peak at 370 nm) excited the drum vial. The quantum 

dot solutions had a concentration of 5 µg mL-1 (QD 520) and 

25 µg mL-1 (QD480, QD560, QD590, QD610, QD640) in 

toluene. The quantum dots emitted narrowly with emission 

maxima at 480, 520, 560, 590, 610 and 640 nm (QD480, 

QD520, QD560, QD590, QD610 and QD640). For QD480, 

QD520 and QD560 a second bathochromically shifted 

emission is observed (Figure 6, left). Despite some handling 

issues,19 the match between calculated chromaticity coordinates 

rg of the emission spectra and the ones recorded with the 

camera are excellent (deviation 0.0031 - 0.0109; Figure 6, 

right). 

Table 1. List of deviation of data from spectra (spec) and pictures (pic) of 

organic dye solutions. 

Combination Deviation Combination Deviation 

Entry 1: 

Q1spec - Q1pic 

0.0012 Entry 7: 

Q1spec - Q2pic 

0.0023 

Entry 2: 

F1spec - F1pic 

0.0067 Entry 8: 

Q2spec - Q1pic 

0.0030 

Entry 3: 

RB1spec - RB1pic 

0.0048 Entry 9: 

F1spec - F2pic 

0.0223 

Entry 4: 

Q2spec - Q2pic 

0.0021 Entry 10: 

F2spec - F1pic 

0.0124 

Entry 5: 

F2spec - F2pic 

0.0035 Entry 11: 

RB1spec - RB2pic 

0.0326 

Entry 6: 

RB2spec - RB2pic 

0.0034 Entry 12: 

RB2spec - RB1pic 

0.0247 

 

To expand our investigation, we examined fluorescent solutions 

of quinine (Q1; 0.25 µM in 0.1 M H2SO4), fluoresceine (F1; 

0.29 µM in 0.1 M NaOH) and rhodamine B (RB1; 0.16 µM in 

EtOH) emitting at 450, 520 and 550 nm. There is no problem to 

identify these when comparing chromaticity coordinates 

calculated from the spectra and the ones recorded with the 

digital camera (Figure 7, right). The deviation of photographic 

and spectroscopic rg values is small (0.0012 - 0.0067; Table 1; 

Entry 1 - 3). 

We investigated the organic fluorophores at different 

concentrations (Q2 2.5 µM in 0.1 M H2SO4; F2 2.9 µM in 

0.1 M NaOH; RB2 1.6 µM in EtOH) therefore the shutter speed 

need to be shortened one-tenths to avoid overexposure of the 

sensor. Having a small Stokes shift, the emission of smaller 

wavelength light was reabsorbed, resulting in changed emission 

spectra, with the emission maximum shifted to the red.20 This 

change was visible for the normalized emission spectra of 

fluoresceine and rhodamine B (Figure 7, left). The small 

changes in emission are detected both in the emission spectra 

and the chromaticity coordinates rg resulting in two pairs of rg 

coordinates (Figure 7 right). Deviations between 0.0021 and 

0.0035 (Table 1, Entry 4 - 6) make the identification of the 

solutions with higher concentration better due to higher signal-

to-noise ratio. 

The large Stokes shift of quinine makes the normalized 

emission spectra insensitive to changes in concentration. The 

chromaticity coordinates of either spectrum can be used to 

compare them with the ones recorded with the camera with 

excellent results (Table 1, Entry 7 - 8). We cannot cross-

compare rg values obtained for fluoresceine or rhodamine B 

(spectra/photographs) when different concentrations are used 

(Table 1, Entry 9 - 12). 

Conclusions 

We have determined pseudo color matching functions (PCMFs) 

for our digital camera (Canon EOS 7D) and used those to 

identify fluorescent colors by camera chromaticity coordinates. 

These rg values are well comparable to rg values extracted from 

fluorescence spectra of the same solutions, suggesting that a 

digital camera can act as an rg “spectrometer”. This approach 

works well for emissive solutions that have one emissive line.  

We developed a simple experimental setup up using basic 

mathematical transformations, RAW data from the digital 

camera and normalized (or relative) fluorescent spectra to 

perform this feat. Data extraction in the RAW format is 
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necessary to extract valid color information from photographic 

data, as JPEG data are nonlinearly transformed by the camera 

software. Non-reproducible chromaticity coordinates result. 

Working with RAW data allows calculating chromaticity 

coordinates rg from normalized emission spectra with the 

camera specific PCMFs and recording the same coordinates of 

the light situation with the digital camera. 

The knowledge of PCMFs allows extracting quantitative color 

information using digital cameras as a detector, practically 

repurposing it as an effective rg spectrometer. Chromaticity 

coordinates rg of digital pictures can now be compared with 

converted values from libraries of emission spectra employing 

PCMFs. The applications of such a rg spectrometer could be far 

ranging and include the analysis of fluorescent test strips for 

quality control or presence of adulterations in medical drugs 

etc.. Both, the insignificant price and the large amount of data 

that can be recorded very quickly make this project attractive 

and possibly supremely useful. 
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