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Accurate color measurements have become more and more important during the past few decades. This is valid not only in physical research, but also in industrial production, where the importance of accurate measurements is mainly due to increased quality requirements set by the customers of various goods. The development of technology enables more and more accurate measuring systems. While the accuracy has improved one has noticed, that many unexpected factors affect the color of an object. One of these factors is the temperature of the sample. It is known, that for example the reflectance of the ceramic reference tiles used for calibration of colorimeters and spectrophotometers is temperature dependent. This phenomenon is called thermochromism, which is a reversible change of color of the sample as a function of temperature. It may be noticed already at room temperature if the temperature varies few centigrades. Red and orange samples are especially sensitive to temperature variation and may cause difficulties in precise color measurements. We show, how the phenomenon is based on physical processes and not only reflects the instability of red color pigments. We derive simple formulas, which are shown to explain the experimental data. We also discuss the meaning of thermochromism for color measurements, measure the magnitude of it and propose the experimental conditions to avoid this effect.

There is quite a few articles of thermochromism in literature. Some general principles of thermochromism in a case of transmitting filters is that the spectral transmittance at a given wavelength that increases with increasing wavelength usually decreases with increasing temperature. The greater the slope of the spectral transmittance curve, the greater the temperature effects as a rule. Spectral transmittance that decreases with increasing wavelength is, in general, of minor importance, but if it becomes important it often causes transmittance increase with increasing temperature. Spectral transmittance curves varying only slightly with wavelength are usually not sensitive to temperature variations. The data sheets for colored glass filters give the shift of the half value of maximum transmittance of the rising edge with increasing wavelength towards longer wavelengths in the units of nm/K. This value increases gradually with increasing wavelength from 0.07 nm at 400 nm to 0.17 nm/K at 700 nm.

Reflectance spectra of ceramic color standards as a function of temperature have also been studied. Results show that increasing the temperature of a sample caused a fall in reflectance which was concentrated in the steeply rising or falling parts of the spectral reflectance. The part of the spectral curve rising with increasing wavelengths was displaced towards longer wavelengths, while the part falling with increasing wavelengths was displaced towards shorter wavelengths on heating.The slope moves typically 0.1 nm /K. It is worth to point out that the reflectance usully decreases as the temperature increases. The long wavelengths reflecting i.e. yellow, orange and red samples are found to be affected most, leading to largest color differences in the CIELAB color difference values, whereas grey samples usually do not show any clear thermochrmism. Instead of the wavelength shift per nanometer or the color difference per centigrade a third measure also exists: relative change of the optical density of the sample as a function of wavelength. However, independent on the measure one likes to use, the main point is how much the observed color depends on temperature.

The aim of this study is to derive a simple mathematical model for thermochromism, and to investigate the magnitude of the effect. One knows from the standard literature that color of an object under a given illumination depends on the reflectance or transmittance spectrum of the sample. Reflectance and transmittance are the only quantities which, through absorbance depend on temperature. The depth where from the reflected light is coming is not propably affected by small changes in temperature, but if the absorption coefficient changes as a function of temperature, it affects also the reflected light distribution. The absorption in the visible range is caused by low level electron transitions, where an absorbed photon excites an electron from one energy level to another having higher energy. The general case of an undisturbed absorbing unit leads to two general solutions, which are of Lorentzian and Gaussian shape of absorption coefficient and hence also of the absorption band. Lorentzian band appears at low temperatures and Gaussian at high temperatures. The absorption peak is homogeneously broadened if the absorbing units are indistinguishable. This means that the absorption peak is symmetric in the energy scale, and in the frequency scale, but not in the wavelength scale.

The discussion above is valid only to a single absorption line. Generally a color spectrum in the energy-absorbance scale is a linear combination of Gaussian peaks. The rising and falling edges of a spectrum may thought to be consisted of a single Gaussian peak. Thus to understand the general principles of thermochromism it is enough to study the properties of a single Gaussian absorbance peak instead of a linear combination of them. The peaks forming the edges have the major influence to the thermal properties of a spectrum whereas the other peaks have a minor or no effect.

In our mathematical model the shift of the halfwidth points is not a linear function of temperature, but if the temperature change is less say 30 degrees, the linear approximation is well valid. The model gives the following key results

1.
The halfwidth points of Gaussian peaks are directly propotional to the temperature change

2.
The shift is directly proportional to the width of the peek in the energy scale

3.
The shift is directly proportional to the square of the wavelength. Thus red samples are more sensitive to the temperature changes than the samples in blue region

4.
The shift of the halfwidth points in the units nm/K depends on the peak height and width as well as on the temperature. Typical shifts at 400 nm and 800 nm are 0.05 nm/K and 0.2 nm/K, respectively.

We calculated the thermocromic effect of transmitting and reflecting materials. If we consider only the change of half width of the absorption curve as a function of temperature, we get the result that the rising edge with increasing wavelength shifts towards longer wavelengths and the falling edge towards shorter wavelengths. The greater the slope (high absorbance), the larger is the change. If we take into account the shift of peak position this enhances the shift of rising edge and diminishes the change of the falling edge.

In case of rising edge the shift is always towards longer wavelengths. The changes become bigger when the wavelength increases. This means biggest color differences for yellow orange and red samples as found in other studies. Because of thermochromism, new recommendations for color measurements require the temperature during the measurement to be set to a predefined temperature e.g. (25 ± 1) degree celcius.

Ceramic calibration standards, and colored paper samples we investigated experimentally. Our simple physical model with closed form formulas explains the experiments, and thus the experiments confirm our theory to be generally valid.

