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Abstract 16 

We present results on reversible light-induced solubility of Disperse Red 1 (DR1) dye in 17 

a hydroxypropyl cellulose (HPC) matrix. The samples were prepared by dissolution of 18 

both DR1 and HPC in acetone and left to dry overnight in air to form uniform coatings. 19 

Visible small darker spots attributed to DR1 aggregates formed spontaneously. It is 20 

observed that both heating and illumination of the samples with visible light promote the 21 

appearance of a dark red coloration inside the heated or illuminated regions. This new 22 

phenomenon is attributed to a dissolution of dye and/or disruption of DR1 aggregates. It 23 

is confirmed by visible light and FTIR spectroscopies. UV-Vis spectra evidence 24 

disappearance of a band at 400 nm, which is attributed to DR1 aggregates, upon 25 

illumination of the samples with visible light. FTIR spectra show new bands at 1600, 26 

1508, and 1342 cm-1 that were assigned to symmetric and asymmetric stretching modes 27 

of NO2 of the dissolved DR1. Results evidence a dye solubilization process throughout 28 

repeated trans-cis isomery induced by visible light. This process is also a new feature of 29 

the light induced molecular movements of azo-dyes and may be used in future for the 30 

photo-command of polymer properties and/or light storage. This work opens new 31 
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perspectives to use natural polymers and composites in photonic applications. It also 32 

reveals the strong potential of azo-materials as light powered molecular motors. 33 

 34 
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Introduction 39 

Azo chromophores have been extensively studied for their photo-active properties, which 40 

are related to the trans-cis isomery under illumination with visible light (Cojocariu and 41 

Rochon 2004). They found applications into holography (Zilker et al. 1998), nonlinear-42 

optics (Apostoluk et al. 2002), surface patterning (Viswanathan et al. 1999), and photo-43 

activated devices (Sentein et al. 1997). Furthermore, these can be used for technological 44 

developments into light extracting or coupling structures for plastic optoelectronics like 45 

organic light emitting diodes (Hubert et al. 2004) and polymer solar cells (Cocoyer et al. 46 

2006). Other suggested applications are found into optical storage (Oliveira et al. 2005), 47 

self-organized memories (Barille et al. 2006), and self-healing structures (Mazaheri et al. 48 

2016). 49 

Unlike the initial belief that azo-dyes should be covalently attached to polymers in 50 

order to perform efficiently like stable photo-activated materials, it has been shown that 51 

they could be hydrogen- or halogen-bonded to a polymer host (Priimagi et al. 2012). It 52 

has also been shown that to function efficiently the only requirement is that the material 53 

forms a glass (Kirby et al. 2014; Shirota 2000), which could also be justified by molecular 54 

dynamics simulation (Teboul et al. 2009). 55 

Our aim in this paper is to develop new assemblies based on natural polymers bond 56 

to azo-dyes in order to build on the availability of natural products. The azo-dye Disperse 57 

1 (DR1; Fig. 1a) could be bond to DNA by using the surfactant cetyltrimethylammonium 58 

chloride (CTMA) as a compatibility agent (Czaplicki et al. 2007). In this case, CTMA is 59 

attached ionically on both sides of the DNA stands, so both DNA-CTMA complex and 60 

dye can be dissolved in organic solvent. In this work, we propose a new scheme for DR1 61 

– cellulose derivative matrix bonding into which no compatibility agent is necessary. 62 

Cellulose is one of the most abundant polymers in our environment, but its main 63 

disadvantage is insolubility property. Therefore, to be useful, many different water-64 
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soluble derivatives were developed. Among them hydroxypropyl cellulose (HPC; Fig. 65 

1b) is unique and a very interesting one because it is soluble not only in water but also in 66 

some organic solvents like acetone (Assis et al. 2015; Rinaudo 2016). Moreover, it is a 67 

natural polymer derivative, so it is widely employed in the food (Sebti et al. 2002), 68 

pharmaceutical (Tanaka et al. 2017; Wei et al. 2017) and cosmetics industries (Prado and 69 

Matulewicz 2014) like thickening or encapsulating agent. On the other hand, it has also 70 

been investigated as polymer electrolyte matrix for all solid electrochromic windows 71 

(Assis et al. 2015; Ledwon et al. 2015). 72 

The objective of our research is to demonstrate that dissolution of an azo-dye in a 73 

solid matrix can be promoted by light. Technically, both DR1 and HPC well dissolve in 74 

acetone, but after mixing and drying processes, DR1 forms aggregates (light and dark 75 

regions) in HPC matrix, which is seen in Fig. 2. However, when this deposit is illuminated 76 

with visible-light a solubilization of DR1 in HPC matrix is observed, and this process is 77 

reversible. This shows that DR1 can be incorporated into HPC using a reversible photo-78 

induced dispersion process, which demonstrates our hypothesis. Furthermore, the process 79 

reveals new features of the light induced repeated isomery process of DR1 in HPC matrix, 80 

which can be used for photo-activated melting and dispersion of dyes in natural 81 

macromolecules-based materials. The process is likely to be extended to other natural 82 

polymers and composites (Zerria et al., 2016). 83 

 84 

Experimental 85 

The hydroxyethyl cellulose (HPC; CAS number 9004-64-2) was purchased from Sigma-86 

Aldrich under catalogue number 435007. This macromolecule was received as a powder 87 

with 99% of 20 mesh particle size, had a weight average molecular weight (Mw) of 88 

80,000, number average molecular weight (Mn) of 10,000, less than 5 wt. % of impurities, 89 

and viscosity of 250 - 800 cps when dissolved at 10 wt. % in water at 25 oC (Sigma-90 

Aldrich-Merck 2017). HPC-based samples were prepared by dissolving 0.3 g of HPC in 91 

25 mL of acetone (Aldrich) under a magnetic stirrer overnight. Then, 2, 6, or 8 mg of 92 

Disperse Red 1 (DR 1; Aldrich) was dissolved in 5 mL of acetone for few minutes, added 93 

to HPC solution, and stirred for few more minutes until complete dissolution. Then, a 94 

homogenous red color solution was poured on glass Petri dish and cast at room 95 

temperature overnight to form a uniform polymer-dye deposition as shown in Fig. 2. 96 
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HPC sample shows a 16 % weight loss up to 150 oC, which is attributed to the loss 97 

of absorbed water (Fig. S1). The subsequent loss of 71 % of weight in the temperature 98 

range of 265 to 445 oC (DTG peak at 386 oC) was attributed to the thermal degradation 99 

of the polymer (Cavallaro et al. 2011). A similar behavior is observed for the sample of 100 

HPC-DR1, but the absorbed water release ends up at 130 oC. During degradation, the 101 

sample loses 61 % mass. At 1000 oC the remaining ashes are 1 and 16 % of the initial 102 

masses of HPC and HPC-DR1 samples, respectively. 103 

The samples were illuminated over a 2 cm-diameter spot using a green LED (Light 104 

Emission Diode) reflector Briwax FCG-50W (O = 525 nm; spectrum of this lamp is shown 105 

in Fig. S2) with light intensity over the sample of 6.6 W. These experiments were also 106 

performed with laser Luzchem Spectroradiometer SPR-01-235-850 nm at 514.5 nm on a 107 

0.6 cm-diameter spot, with light intensity over the sample of 1.6 W. Illumination time 108 

varied from 10 s to 4 min. 109 

UV-Vis spectra were collected with Jasco V770 spectrophotometer that operated in 110 

absorbance mode between 300 and 800 nm wavelength range. The LED or laser 111 

illuminated samples spots on Petri dish were placed close to the detector to avoid light 112 

scattering. 113 

 114 

Results and Discussion 115 

Fig. 3 shows pictures of illumination spots for increased times on two different samples: 116 

HPC-DR1 8 mg illuminated under LED (Fig. 3a) and HPC-DR1 2 mg under laser light 117 

(Fig. 3b). In both cases, the samples get darker under increased illumination time. The 118 

effect is permanent and almost stable forever if nothing else happens to the sample. We 119 

could keep darkened samples for several months, without seeing any change. The effect 120 

could be attributed to heating under light. The temperature under prolonged LED 121 

illumination indeed reaches up to 80 oC after prolonged illumination, and we verified that 122 

the samples also darken upon prolonged heating to temperatures above 60 oC when placed 123 

on heating plate. One can suggest that this could be related to the glass transition (Tg) of 124 

HPC, but it is not happening because HPC Tg is 205 oC. Furthermore, to exclude heating 125 

impact on observed phenomena we subjected the samples to 525 nm laser beam (Fig. S3). 126 

Additionally, we monitored the temperature under the laser beam, and we stated that it 127 

does not increase significantly. Therefore, we can assume there is no influence of 128 

temperature when the sample is exposed to 514.5 nm laser beam (Fig 3b). However, the 129 
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darkening effect is clearly visible. So, there is evidence of a light induced darkening 130 

effect. The darkening effect can be reverted by wetting the sample, which can again be 131 

darkened under light. 132 

Fig. 4 shows the UV-vis spectra of the HPC-DR1 2 mg sample shown in Fig. 3b for 133 

different illumination times under laser light. The cut-off at 300 nm is the glass substrate. 134 

HPC does not show any significant absorption in the visible (Fig. S4). We clearly see two 135 

features coming from the DR1 molecule: one at 500 nm is the same as the absorption 136 

from DR1 in solution (Delysse et al. 1997). The second one at 400 nm was previously 137 

attributed to DR1 aggregation (Choe et al. 2000; Marino et al. 2008). The observation is 138 

that upon illumination the peak at 400 nm disappears and the peak at 500 nm increases. 139 

The increase of the absorption at 500 nm totally justifies the darkening observed in Fig. 140 

3b, in which the transmission of the illuminated spots was reduced by up to 80%. This 141 

suggests that light breaks the DR1-aggregates formed into the HPS host during drying 142 

process. The aggregates have low absorption in the green light range owing to the large 143 

permanent dipole of DR1 which forces H-type aggregation. When the aggregates are 144 

dissolved, the intense red color of DR1 dye is restored. 145 

In order to sustain the claim, we monitored the Fourier Transform Infrared (FTIR) 146 

spectrum of HPC, HPC-DR1 2mg as cast and HPC-DR1 2mg heated at 60 oC (Fig. 5). 147 

Literature (Cinar et al. 2011) teaches us that aromatic nitro compounds have strong 148 

absorptions owing to the asymmetric and symmetric stretching vibrations of the NO2 149 

group at 1485–1570 and 1320–1370 cm−1, respectively. We see in Fig.5 new and strong 150 

bands that appeared at 1600, 1508, and 1342 cm-1 after darkening the sample by heating 151 

at 60 oC. They are assigned to symmetric and asymmetric stretching modes of NO2, which 152 

were not visible in the aggregated form owing to the higher symmetry of the aggregates. 153 

There also is a new band at 3274 cm-1, which is attributed to the amorphous DR1. This 154 

band is also expected because of loss of sample order upon heating. This confirms the 155 

attribution of sample darkening in Fig. 3 to the breaking and dissolution of DR1-156 

aggregates into the HPC matrix.  157 

We also studied the Raman spectrum of HPC-2 and 8 mg DR1 samples (Fig. S5). 158 

We did not observe any noticeable changes upon darkening. The spectral features are the 159 

same as observed in previously published results (Lagugné Labarthet and Sourisseau 160 

1996).  161 

The reversibility of the process was investigated by UV-Vis spectroscopy. We see 162 

in Fig. 6 that after wetting the sample the strong absorbance bleaches by almost half of 163 
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its value. Then, upon further illumination absorbance is gradually restored. Technically, 164 

absorbance was not completely restored to its initial values in that particular trial owing 165 

to some degradation of the film quality upon wetting; we noticed that a meniscus formed 166 

around the wetted area. 167 

Fig. 7 illustrates the mechanism proposed to interpret reversible light-induced 168 

solubility of DR1 dye in a HPC matrix. The experiment shows that DR1 is not 169 

spontaneously soluble at room temperature in HPC; it forms aggregates, as illustrated in 170 

the left part of Fig.7. Aggregates are dissolved under illumination with visible light. This 171 

is promoted by repeated trans-cis isomery, which induces photo-fluidity inside the 172 

polymer matrix, breaking the cage in which aggregated molecules are trapped (Teboul et 173 

al. 2011). We assume that once dissolved, the molecules get stabilized by hydrogen 174 

bonding of the DR1-hydroxyl group to the available ether-groups of HPC. This explains 175 

that the darkened form in the right part of Fig.7 be indefinitely stable in the dark. We also 176 

understand that the bonding does not take place spontaneously owing to the intra 177 

molecular hydrogen bonding that happens naturally in HPC and saturates the available 178 

ethers. This explains that DR1 is not spontaneously soluble at room temperature in HPC. 179 

Water swells HPC, restoring H-bonds to their initial state after drying, which explains 180 

reversibility of the process. 181 

 182 

Conclusions 183 

In a present study, we have prepared coatings of Disperse Red 1 dye in a hydroxypropyl 184 

cellulose matrix, which is a natural polymer derivative. We have observed that beside 185 

both molecules are soluble in organic solvent, after its evaporation Disperse Red 1 forms 186 

aggregates in polymer matrix. To improve the compatibility between molecules we have 187 

illuminated the samples with visible light, and we have observed a dissolution of the dye. 188 

This new phenomenon involving organic dye and natural polymer derivative was 189 

confirmed by visible light and FTIR spectroscopies. UV-Vis spectra confirmed 190 

disappearance of aggregates blue-shifted band at 400 nm after illumination of the samples 191 

with visible light and appearance of FTIR bands at 1600, 1508, and 1342 cm_1 assigned 192 

to symmetric and asymmetric stretching modes of NO2 of not aggregated DR1. Therefore, 193 

we have evidenced the process by which solubilization of a dye in a solid matrix was 194 

triggered by the action of light. This happens owing to repeated trans-cis isomery. The 195 

process is a new feature of the light induced molecular movements of azo-dyes. It may 196 
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be used practically for the photo-command of polymer properties and/or light storage. 197 

The process is likely to be extended to other natural polymers and composites, which may 198 

be amenable to photonic applications. It also reveals the strong potential of azo-materials 199 

as light powered molecular motors. 200 
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Figures Captions 

 

Fig. 1. Chemical formulas of DR1 (a) and hydroxypropyl cellulose (b). 

 

Fig. 2. Picture of HPC-DR1 (2 mg) sample on glass Petri dish (a) and picture showing 

aggregates from sample with 8 mg of DR1 (b). 

 

Fig. 3. Picture of HPC-DR1 (8 mg) illuminated with green LED lamp (a) HPC-DR1 (2 

mg) illuminated with green laser beam (b). 

 

Fig. 4. UV-Vis spectra of HPC-DR1 2 mg sample, as prepared and illuminated under 

laser for 5, 10, 15, and 20 s.  

 

Fig. 5. FTIR spectrum of HPC, HPC- DR1 2mg, and HPC-DR1 2mg heated above 60 oC 

till darkening. 

 

Fig. 6. UV-Vis spectra of HPC-DR1 2 mg sample after prolonged LED illumination (A; 

red), after wetting and subsequent drying (D; green), followed by 1 min LED illumination 

(C; yellow) and 3 min LED illumination (B; blue). 

 

Fig. 7. Representation of reversible light-induced solubility of Disperse Red 1 dye in 

hydroxypropylcellulose matrix. Continues lines represent HPC chains and red dots 

dissolved DR1 molecules. 

 

Supplementary Material 
 
Fig. S1. LED lamp spectral characteristics.  

 

Fig. S2. Setup of illumination of the sample with laser beam experiment (a) and sample 
on the support (b). 

 

Fig. S3. UV-Vis spectra of HPC (black line) and HPC-DR1 (red line) in acetone solutions. 
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Fig. S4. Raman spectra of DR1 (red), HPC-DR1 2mg (blue) and HPC-DR1 8mg heated 
at 60oC (green). 
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