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‘Smart’ materials can be defined as materials that respond to a certain stimulus with a change 

in their properties. A specific class herein are halochromic textiles, i.e. fibrous materials that 

change color with pH. Such halochromic textiles play an important role in the continuous 

monitoring and visual reporting of the pH with applications in various fields, such as wound 

treatment and protective clothing. pH-sensitive nanofibrous nonwovens have high sensitivity 

and a fast response time, and are mostly fabricated by introducing a pH-responsive dye via 

dye-doping of the feed mixture before fabrication. However, this method suffers from leaching 

of the dye, which is an undesirable effect that not only reduces the output signal strength but 

can also be detrimental to the environment by causing, for instance, toxicological responses. In 

this paper, a new strategy is demonstrated for the reduction of dye leaching in electrospun, 

nanofibrous materials. Through blend electrospinning of polyamide-6 (PA6) with a dye-

functionalized copolymer, large sheets of uniform, halochromic nanofibrous material can be 

fabricated showing a fast pH-sensitive color change. Polymeric entanglements within the 

nanofiber are proposed to immobilize the dye-functionalized copolymer in the PA6 matrix, 

resulting in drastically reduced dye leaching. Such stable nanofibrous, PA6-based, halochromic 

materials are particularly interesting in the design of new colorimetric sensors applicable in 

several sectors, including the biomedical field, agriculture, safety and technical textiles. 

 

Introduction 

The fabrication of so-called ‘smart’ materials, i.e. materials that 

change their properties in response to an external stimulus, has 

fascinated researchers for decades. A wide variety of polymeric 

materials that respond to different stimuli, such as temperature, 

light and concentration of a chemical substance, have been 

developed. This variety of different ‘smart’ materials enabled a 

large number of applications in various fields including drug 

delivery, sensing and self-healing. The development of smart 

colorimetric materials that sense the concentration of a specific 

analyte by a change in absorbance is particularly interesting, 

since it results in a color change directly visible to the naked 

eye [1-6]. The straightforward application and unambiguous 

output signal of these sensors make them a very powerful tool 

for the continuous monitoring and fast visualization of a chosen 

analyte. The majority of these chemical sensors incorporate 

analyte-sensitive dye molecules, inducing a change in optical 

properties under the influence of numerous stimuli including 

ions, gasses and a wide range of volatile organic compounds 

(VOC’s) [7-14].  

Among colorimetric sensor materials, color-changing textiles 

play a prominent role. These lightweight materials show high 

flexibility, reusability, mechanical stability, breathability and 

washability. Furthermore, they can cover a large surface while 

still providing a local signal in a non-destructive way. Several 

stimuli can easily be visualized, with research mostly focusing 

on thermo- and photochromism. However, the less exploited 

halochromism, i.e. pH-sensitivity, may be of great value for 

various textile applications in the biomedical field, agriculture, 

safety and technical textiles since pH plays a major role in 

wound healing, crop growth and filter performance [15]. A fast 

and easy-to-interpret colorimetric signal would, therefore, be 

beneficial for the optimization of the working conditions or as a 

warning signal when incorporated into protective clothing for 

the detection of acid vapors.  

In the search for high-performing textile sensors, electrospun 

nanofibers show great potential due to their unique properties 

linked to the nanoscale diameters; small pore size, large 

specific surface area and high porosity [16]. These 

characteristics lead to improved sensor sensitivity and response 

time [17-22], as well as other benefits for several applications, 
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such as enhanced filtration performance [23] or stimulated 

wound healing [18,24]. For the production of nanofibrous 

materials, solvent electrospinning is most commonly applied as 

it provides a relatively simple process to produce nanofibers 

from polymer solutions. Using this technique, continuous fibers 

with controlled diameters down to sub-100 nanometer scales 

can be produced through the application of electrostatic forces 

[16,25].  

A frequently used strategy for nanofiber functionalization is the 

addition of low molar mass components or nanoparticles to the 

electrospinning solution prior to fiber formation, i.e. doping, 

including dye-doping for colorimetric pH-sensing [22-37]. 

Although this technique results in easy-to-produce halochromic 

nanofibers, the dye is only loosely retained within the fiber by 

the surrounding, entangled polymers. This results in a large 

effect of the fiber swelling in moist environments on the 

mobility of the dye molecule, making dye leaching a severe 

drawback of this method [38]. Up until now, this problem is 

being countered by reducing the dye mobility, mainly through 

application of polymeric complexing agents, which is not 

applicable to all dyes, however [36,37].  

In this work an alternative approach is proposed to reduce dye 

leaching based on drastic reduction of the dye mobility within 

the nanofibers by incorporating it into a copolymer before fiber 

fabrication. This strategy provides a covalent linkage of the dye 

to the matrix, which appears to be the most efficient 

immobilization method [7,39-42]. For the design of such a 

functional copolymer with covalently coupled pH-sensitive dye 

molecules, several strategies can be followed [12,43-45]. One 

of the most straightforward procedures is the dye-monomer 

approach where the dye is functionalized with a polymerizable 

group and subsequently copolymerized with a suitable 

comonomer. This allows for excellent control of the copolymer 

composition, i.e. the amount of dye, and large-scale synthesis 

through economically important polymerization techniques 

such as free radical polymerization. In the current paper, a 

model system was chosen based on N-ethyl-N-(2-

hydroxyethyl)-4-(4-nitrophenylazo)aniline, more commonly 

known as Disperse Red 1 (DR1). DR1 is a diazobenzene-based 

dye that is commercially available and represents dye classes 

not suitable for complexation with the polymeric agents used to 

counter dye leaching. Moreover, DR1 has a functional group 

that can easily be functionalized in high yields and that is 

isolated from the conjugated system, limiting the effect of the 

functionalization on the pH-responsivity [46-48].  

The subsequent incorporation of the formed dye-containing 

copolymer into a nanofibrous product can easily be achieved 

using blend electrospinning. Blend electrospinning is an 

emerging technique for the production of high-value, functional 

nanofibrous materials [49,50], including nanofibers for optical 

sensor applications [21,51-53]. The copolymer is directly 

mixed with a carrier polymer in the electrospinning solution 

prior to fiber fabrication. Polymeric entanglements within the 

nanofiber are proposed to immobilize the dyed copolymer in 

the nanofibrous matrix, resulting in drastically reduced dye 

leaching. This method has several advantages: (1) the carrier 

polymer can be chosen according to the applications, (2) the 

amount of the functional copolymer can be minimized for 

economical purposes and (3) the electrospinnability of the pure 

functional copolymer is less important since this is mainly 

provided by the carrier polymer.  

Within this paper, electrospinnability, halochromic behavior 

and dye migration were investigated for a model system, 

namely DR1-containing nanofibers produced through blend 

electrospinning of polyamide-6 (PA6) as carrier polymer, and a 

DR1-functionalized copolymer of 2-hydroxyethyl acrylate 

(HEA) and DR1-acrylate (DR1-A). Our results indicate that the 

proposed approach results in halochromic nanofibers with 

minimal dye leaching. This proof-of-concept is a major step 

forward in the design of robust halochromic nanofibers. 

Experimental 

Instruments & Materials 

Acryloyl chloride (97.0, MEHQ stabilizer), Disperse Red 1 (95 

%) and 2-hydroxyethyl acrylate (96%, hydroquinone as 

inhibitor) were bought from Sigma-Aldrich. Triethylamine and 

dichloromethane (HPLC grade) were also obtained from 

Sigma-Aldrich and dried over calcium hydride. N,N-

Dimethylacetamide (DMAc, HPLC grade) was purchased from 

Sigma-Aldrich and used as received. 2-Hydroxyethyl acrylate 

(HEA) was filtered over aluminum oxide (neutral, deactivated) 

to remove inhibitor, azobisisobutyronitrile (AIBN) was 

recrystallized from methanol. Deuterated solvents (MeOH-d4 

and DMSO-d6) were supplied by Cambridge Isotope 

Laboratories, inc. 

Polyamide 6 (Mw 51,000 g.mol-1, Ð 1.82), poly 

(diallyldimethylammonium chloride) (Mw 100,000 – 200,000, 

20 wt% aqueous solution), acetic acid (99.8 v%) and formic 

acid (98-100 v%) were supplied by Sigma-Aldrich and used as 

received. For the preparation of pH baths, hydrochloric acid, 

sodium hydroxide and potassium nitrate are used, also supplied 

by Sigma-Aldrich. Adjacent reference fabrics (polyamide and 

wool) for dye migration tests were purchased from James Heal 

and meet the requirements of standard ISO 105-F03 and ISO 

105-F01 respectively.  

Synthesis of Disperse Red 1 – Acrylate (DR1-A) 

This dye-functionalized monomer was prepared following an 

adapted literature procedure [54]. Disperse Red 1 (5.09 g, 0.016 

mol, 1 eq) was dissolved in triethylamine (7.7 ml, 0.055 mol, 

3.4 eq, anhydrous) and CH2Cl2 (250 ml, anhydrous) and cooled 

to 0°C under argon atmosphere. Acryloyl chloride (2.56 ml, 

0.032 mol, 2 eq) was added drop wise under vigorous stirring 

after which the mixture was allowed to warm up to room 

temperature. The reaction was monitored using TLC 5/1 

CH2Cl2/EtOAc (Rf,DR1 = 0.50, Rf,DR1-A = 0.90), which revealed 

complete conversion after 12h. The compound was further 

purified using a short silica filter column with 5/1 

CH2Cl2/EtOAc as eluent. After drying of the organic phase with 

MgSO4 the solvent was evaporated, resulting in 5.69 g (95%) of 
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the desired DR1-A as red powder. 1H-NMR (300 MHz, CD2Cl2 

, ppm) δH: 8.24 (2H, d, 3J = 9.33 Hz, Ha), 7.84 (4H, dd, 3J = 

8.23 Hz, Hb), 6.76 (2H, d, 3J = 9.88 Hz, Hc), 6.31 (1H, dd, 3J = 

17.56 Hz, 2J = 2.19 Hz, Hd), 6.05 (1H, dd, 3J = 18.66 Hz, 3J = 

10.42 Hz, He), 5.78 (1H, dd, 3J = 10.42 Hz, 2J = 2.19 Hz, Hf), 

4.30 (2H, tr, 3J = 5.49 Hz, Hg), 3.66 (1H, tr, 3J = 5.49 Hz, Hh), 

3.47 (2H, quad, 3J = 6.58 Hz, Hi), 1.18 (3H, tr, 3J = 7.68 Hz, 

Hj). 

Synthesis of P(HEA-co-DR1-A) 

A copolymer of HEA and DR1-A was synthesized using free 

radical copolymerization (FRP) initiated by AIBN. The solution 

polymerization was carried out in DMAc with a [M]tot,0 of 1 M 

and [HEA]/[DR1-A]/[AIBN] ratio of [99]/[1]/[1]. 10 ml of 

HEA and 0.32 g of DR1-A were dissolved in 78 ml of DMAc. 

The mixture was degassed by bubbling Ar for 30 min while 

stirring, after which 0.14 g of AIBN was added as a solid. The 

mixture was homogenized and heated to 71 °C for 24 h. The 

reaction was stopped by cooling down the mixture and the 

polymer was precipitated twice in cold diethylether to obtain a 

red powder. 

Characterization of P(HEA-co-DR1-A) 

Size-exclusion chromatography (SEC) was performed on a 

Agilent 1260-series HPLC system with two PLgel 5 µm mixed-

D columns in series heated to 50 °C and two detectors: a 1260 

diode array detector (DAD) and a 1260 refractive index 

detector (RID) at 55°C. DMAc containing 50mM of LiCl was 

used as eluent at a flow rate of 0.593 ml/min. The spectra were 

analyzed using the Agilent Chemstation software with the GPC 

add on. Molar mass and dispersity (Ð) values were calculated 

against PMMA standards from PSS. Nuclear magnetic 

resonance (NMR) spectra were recorded on a Bruker Avance 

300 MHz spectrometer at room temperature in deuterated 

solvents. The chemical shifts are given relative to TMS. 

Conversions were calculated using the ratio between the 

residual acrylate peaks at 6.5 – 8.5 ppm (~[M]t) and the 

methylene group adjacent to the ester group in the side chain at 

4.17 ppm. The latter was integrated to include both the broad 

polymer and residual monomer peak, therefore correlating to 

[M]0. More information can be found in the Electronic 

Supporting Information (ESI1). 

Quantification of polymer hydrolysis under basic and acidic 

conditions 

100 mg of P(HEA-co-DR1-A) was dissolved in 2 ml of pH 13 

buffer solution and stirred at room temperature. A sample of 50 

µl was taken and diluted with 450 µl MeOH for gas 

chromatography (GC) analysis at certain time intervals to 

determine the ethylene glycol peak at 1.67 min. The percentage 

of degradation was then approximated using a calibration curve 

and the absolute molecular weight was calculated from 

conversion based on 1H-NMR spectroscopy. 

100 mg of P(HEA-co-DR1-A) was dissolved in 1 ml of a acetic 

acid/formic acid 1/1 mixture and stirred at room temperature. 

GC samples that were prepared as previously described did not 

reveal any measurable amount of ethylene glycol. This test was 

repeated using SEC with UV detection (λmax = 490 nm) on 100 

µl samples directly diluted in 900 µl DMAc + LiCl. More 

information on both tests can be found in the Electronic 

Supporting Information (ESI2). 

GC was performed on an Agilent 7890A system equipped with 

a VWR Carrier-160 hydrogen generator and an Agilent HP-5 

column of 30 m length and 0.320 mm diameter. An FID 

detector was used and the inlet was set to 250 °C with a split 

injection of ratio 25:1. Hydrogen was used as carrier gas at a 

flow rate of 2 mL/min. The oven temperature was increased 

with 20°C/min from 50°C to 120°C, followed by a ramp of 

50°C/min to 300 °C. 

Electrospinning procedure 

The nanofibrous materials were produced by solvent 

electrospinning using a 50/50 acetic acid/formic acid (AA/FA) 

solvent system. All solutions contained a total of 16 wt% 

polymer. Pure PA6 solutions were electrospun as reference, 

dye-doped samples were obtained by adding DR1 or DR1-A 

directly to the PA6 electrospinning solution, and the blend 

nanofibers were obtained by electrospinning a solution 

containing 85/15 PA6/P(HEA-co-DR1-A). All colored 

nanofibrous nonwovens (dye-doped or blend) contained a dye 

concentration of either 0.5 or 0.64 % on mass fiber (%omf). 

The effect of the complexing agent poly 

(diallyldimethylammonium chloride) (PADC) was tested for a 

concentration of 4 %omf, also added directly to the 

electrospinning solution. 

Prior to electrospinning, the solutions were characterized. 

Viscosity was measured using a Brookfield viscometer LVDV-

II, conductivity was determined by a CDM210 conductivity 

meter (Radiometer Analytical) and surface tension was 

determined using the Wilhelmy plate method. The average 

errors for these measurements were 8%, 11% and 2% 

respectively. 

The nanofibrous nonwovens were electrospun on a multinozzle 

setup, with 18 gauge needles (inner diameter of 0.838 mm), a 

tip-to-collector distance of 4.5 cm and a flow rate of 2 ml/h. 

The applied voltage was adapted to allow for a stable 

electrospinning process, ranging from 15 to 30 kV. All the 

electrospinning trials were performed at a relative humidity of 

48 ± 5% and a temperature of 20 ± 1°C.  

Characterization of the electrospun samples 

Fiber morphology of the electrospun structures was examined 

using a scanning electron microscope (FEI Quanta 200 F) at an 

accelerating voltage of 20 kV. Sample preparation was done 

using a gold sputter coater (Balzers Union SKD 030). The 

nanofiber diameters were measured using UTHSCSA 

ImageTool version 3.0, developed by the University of Texas 

Health Science Center. The average fiber diameters and their 

standard deviations are based on 50 measurements per sample.  

Color measurements were performed using a Perkin-Elmer 

Lambda 900 spectrophotometer, which is a double-beam UV-

Vis spectrophotometer. For the transmission spectra of 
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solutions 1 cm matched quartz cells were used, for the 

reflection measurements on fabrics an integrated sphere 

(Spectralon Labsphere 150 mm) was used. The spectra were 

recorded from 380 nm to 780 nm with a data interval of 1 nm 

(transmission) and 4 nm (reflection). Transmission and 

reflection are converted into absorbance (A) and Kubelka-

Munk (K-M) resp. since these values provide a correlation with 

dye concentration.  

Analysis of the dye migration/immobilization was done in two 

different ways. Firstly, the leaching in an aqueous solution of a 

certain pH was tested by introducing 5 mg of fabric in a bath of 

5 ml. After 24 hours, the dye migration to the aqueous bath is 

determined through UV-Vis spectroscopy (absorbance A). 

Secondly, the dye transfer to reference fabrics was tested based 

on the standard ISO 105-E01:1994. This standard was 

formulated for conventional fabrics and adapted for 

nanofibrous samples in this study. The nanofibrous sample is 

placed between two adjacent reference fabrics showing affinity 

for the dye, in our case PA6 on one side and wool on the other 

side. While in contact with these reference fabrics, the 

nanofibrous sample is immersed in an aqueous solution of 

certain pH for 30 minutes and, subsequently, placed in an oven 

(37°C) under a calibrated load for 4 hours. The staining of the 

adjacent reference fabrics is characterized by UV-Vis 

spectroscopy, obtaining the Lab-values (OptLab-SPX, 10° 

observer, D65 illuminant). Based on these values, a color 

difference (∆E) is calculated between the unstained and the 

stained reference, giving an effective measure of the dye 

migration to the adjacent fabrics. A detailed description of the 

calculation of a color difference (∆E) can be found in the 

Electronic Supporting Information (ESI4). Results are 

discussed using the staining of the PA6 reference fabrics. 

Exactly the same trends were recorded for the wool reference 

fabrics. 

For the characterization of halochromic behavior and leaching 

of the dye, the pH of the aqueous solutions was determined 

using a combined reference and glass electrode (SympHony 

Meters VMR) while hydrochloric acid and sodium hydroxide 

were used to adjust the pH.  

Results and discussion 

Synthesis of dye-functionalized polymer 

The primary alcohol in DR1 is an excellent functionalization 

position because of its nucleophilicity and isolation from the 

conjugated system, limiting the effect of the functionalization 

on the color and pH-shift of the dye. By using an excess of 

acryloyl chloride and triethylamine, the reaction reaches 

complete conversion, which simplifies the larger scale work-up. 

The product can easily be purified by flash chromatography on 

a short silica column using a DCM/EtOAc 5/2 solvent mixture 

as only DR1-A will run under these conditions. Using this 

method, up to 10 grams of dye can be synthesized and isolated 

from a single reaction with yields exceeding 95 %. 

Since the electrospinning experiments demand several grams of 

copolymer, free radical polymerization (FRP) was chosen as 

polymerization technique for its simplicity and effectiveness 

during multi gram polymerizations. The resulting copolymers 

show a relatively broad molecular weight distribution  

 

Fig. 1: Chemical structure, reaction mechanism and 

polymerization conditions of P(HEA-co-DR1-A). Inset: pH-

responsive behavior of P(HEA-co-DR1-A) in aqueous solution 

(top) and nanofiber (bottom). 

characterized by a Ð of slightly higher than two, which is 

common for an uncontrolled (free) radical polymerization. An 

added advantage of FRP is the high monomer conversion, 

limiting the waste of the expensive DR1-A monomer. The 

hydrophilic 2-hydroxyethyl acrylate (HEA) was chosen as base 

comonomer, as it is hydrophilic and small. Its small size will 

minimize any shielding effect of the dye by the polymer and 

thus, in combination with its hydrophilicity, ensure excellent 

contact between dye and the changing aqueous environment. 

Two batches of the copolymer were synthesized using the same 

conditions and ratios but differing in scale. The large-scale 

polymerization of 20 ml HEA showed a conversion of 98% 

after 24 h at 70°C as measured using 1H-NMR spectroscopy. 

After precipitation of the polymer, the UV-signal on the SEC 

analysis confirmed the incorporation of DR1 into the polymer 

structure and complete removal of unreacted DR1-A. From the 

RI-signal, a Mn of 22,000 Da and a Ð of 2.20 were calculated. 
1H-NMR spectroscopy of the purified copolymer also 

confirmed the complete removal of residual DR1-A and 

allowed the calculation of the actual copolymer composition. 

Based on the integration of one aromatic signal of DR1 (δ = 

8.38 ppm) and the methylene groups adjacent to the ester 

moiety in both side chains (δ = 4.16 ppm), the percentage of 

incorporated DR1-A was calculated to be 0.6 mol%. A second, 

smaller batch of copolymer was synthesized using 10 ml HEA 

and characterized using the same procedures. This batch had a 

similar conversion of 98% but had a significantly smaller Mn of 

13,000 Da (Ɖ = 2.13). These differences can be explained by 

the uncontrollability of the used polymerization technique, 

possibly in combination with the larger influence of residual 

oxygen on smaller scale and/or the presence of chain transfer 

inducing impurities (amines) in the DMAc used for the second 

batch. All other copolymer batches that were synthesized 
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showed characteristics similar to P1. Despite the unknown 

origin of its lower molar mass, the second batch was  used to 

investigate the influence of a lower Mn and higher dye content 

on the electrospinning process and resulting dye 

immobilization. 

 

Table 1. Characterization data of the used dye-copolymer batches. 

 Conv HEA Mn (Da) Ɖ DR1-A content 

P1 98 % 22,000 2.20 0.6 mol% 

P2 98 % 13,000 2.13 1.3 mol% 

Electrospinning of the halochromic nanofibers 

The electrospinnability of the PA6/P(HEA-co-DR1-A) blend 

was studies in function of processing conditions, process 

stability and resulting fiber morphology and compared to pure 

and dye-doped PA6 solutions. It is well known that the addition 

of low molar mass components or a second polymer component 

may alter these parameters significantly [55,56]. To study the 

effect of added DR1, DR1-A and P(HEA-co-DR1-A) on the 

electrospinning process, several other crucial parameters were 

fixed, including solvent system (50/50 AA/FA), polymer 

concentration (16wt%), blend ratio (85/15 PA6/P(HEA-co-

DR1-A)), tip-to-collector distance (4.5 cm) and flow rate (2 

ml/h). All the electrospinning trials were performed in a 

climate-controlled lab (48% RH ± 5% and 20°C ± 1°) so that 

the known influence of relative humidity (RH) on fiber 

morphology [57] is minimal. The applied voltage was adjusted 

for each experiment to obtain a stable process (in between 20-

30 kV). 

 

Table 2. Characterization data of the used electrospinning solutions. 

 Conductivity 
[mS/cm] 
± 10% 

Viscosity 
[mPa.s] 
± 10% 

Surface tension 
[mN/m] 

± 3% 

PA6 0.575 529 31 

PA6/DR1 0.632 574 33 

PA6/DR1-A 0.656 544 32 

PA6/P1* 0.577 481 32 

* blend solution containing 85/15 PA6/P(HEA-co-DR1-A) of batch P1 

 

Fig. 2: SEM-images of the pure PA6 nanofibers (a), having a 

fiber diameter of 136 ± 19 nm, and the blend nanofibers (b), 

having a fiber diameter of 138 ± 25 nm. Fiber morphology is 

comparable; uniform, beadless nanofibers are formed.  

 

Fig. 3: SEM-images of the pure PA6 nanofibers (a) and the 

blend nanofibers (b), both showing some nanoweb formation.  
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Fig. 4: Normalized SEC traces, measured with a DAD detector 

at 490 nm show a small decrease in molecular weight of P(HEA-

co-DR1-A) in the acetic acid/formic acid solvent system over 

time, illustrated by the increase in retention time. Inset: zoomed 

region of interest near the peak molecular weight. 

Incorporation of DR1 or DR1-A did not significantly change 

any solution parameters (Table 2) and was found to have no 

significant effect on the processing conditions and process 

stability, nor the fiber morphology when compared to pure 

PA6, which is in agreement with literature [36,28]. SEM-

analysis shows that homogeneous fibers without droplets or 

beads are formed (ESI3). The PA6/P(HEA-co-DR1-A) blends 

were also found to be electrospinnable without any profound 

changes in processing conditions or stability, resulting in 

uniform, beadless nanofibers (Fig. 2b compared to Fig. 2a). The 

SEM-images in Fig. 2b are of PA6/copolymer P1 blend 

nanofibers (details P1 in Table 1). SEM-images of the 

PA6/copolymer P2 blend nanofibers were similar, indicating 

that there is no significant influence of the polyacrylate molar 

mass within this range.  

Similar to other polymers already reported in literature [58], 

small nanofibers in between the main nanofibrous nonwoven 

could be found in all our samples (Fig. 3). These smaller fibers 

are referred to as nanowebs and mostly have diameters an order 

of magnitude smaller than the main nanofibers acting as 

support. The blend solutions were more sensitive to nanoweb 

formation than the pure and dye-doped PA6 solutions, 

especially in the start-up phase of the electrospinning process. 

Ding et al. describe that high solvent evaporation rates and fast 

phase separations can induce nanoweb formation [59]. 

Electrospinning a polymer blend in the vapor-poor atmosphere 

of the start-up phase of the process could render the system 

more sensitive to phase separation, possibly explaining the 

more pronounced nanoweb formation during start-up. Overall, 

the polymer blends were well electrospinnable, resulting in 

blend nanofibers with diameters comparable to the pure PA6 

nanofibers (138 ± 25 nm and 136 ± 19 nm, respectively). 

In addition to the electrospinnability, the long-term process 

stability was also investigated. It is well known that PA6 is 

electrospinnable using the chosen solvent system (acetic 

acid/formic acid) and long-term process stability is guaranteed 

[57]. Solubilizing P(HEA-co-DR1-A) in these harsh conditions 

for a prolonged time might influence the polymer structure 

through degradation, possibly resulting in different 

electrospinnability or fiber morphology during extended 

spinning periods as the polymer mixture is dissolved in the 

AA/FA mixture (diameter, nanoweb, etc.). In order to quantify 

this potential degradation, 100 mg of P(HEA-co-DR1-A) was 

dissolved in 1 ml of a 50/50 AA/FA mixture and stirred at room 

temperature. This polymer solution was sampled in time and 

measured with size exclusion chromatography (SEC). Fig. 4 

shows the SEC traces (absorbance @ 490 nm) obtained after 

different times, indicating minor polymer degradation as shown 

by the slight shift of the polymer peak towards higher retention 

times. The shift, however, is very small and, in agreement, the 

electrospinning trials at different moments for over 3 days 

indicated similar electrospinning behavior and fiber 

morphology. This demonstrates that the small decrease in 

molecular weight of the polyacrylate component does not 

significantly influence the electrospinning process. Blend 

electrospinning of P(HEA-co-DR1-A) with PA6 as carrier 

polymer, is thus a viable method for producing nanofibers 

containing covalently bonded pH-sensitive dye molecules.  

pH-sensitivity of the halochromic nanofibers 

Similar to the dye-doped nanofibers (DR1 and DR1-A), the 

blend nanofibers show a clear color change with increasing pH 

from bright pink at pH 0 to orange at pH > 1 as previously 

shown in Fig. 1. Importantly, this is a reversible and fast color 

change, not only observed in aqueous media but also when 

exposed to hydrochloric acid vapors, making these materials 

interesting for a wide range of applications, including 

protective ‘smart’ clothing. A quantitative characterization of 

this halochromic behavior is possible through UV-Vis 

spectroscopy, as shown in Fig. 5. The nanofibrous samples 

were immersed in water baths with pH varying between 0 and 

12 prior to the measurement. Normalized Kubelka-Munk 

spectra of the samples show that all samples have a similar 

color change due to a shift to lower wavelengths, i.e. a 

hypsochromic shift, with increasing pH going from a maximum 

around 515 nm to a maximum around 495 nm (Fig. 5a-c). 

Additionally, at higher pH values the shoulder, visible at low 

pH around 545 nm, disappears. Not only the color change, but 

also the pH-range is similar for all nanofibrous samples with 

sensitivity mainly between pH 0 and pH 1. Also the third aspect 

of halochromic behavior, namely response time, is comparable 

for all nanofibrous samples. Within a few seconds, the samples 

gain their final color, characteristic of the pH of the 

environment. Van der Schueren et al. determined that 

wettability of the nanofibrous samples, which is coupled to the 

hydrophilicity of the polymer components, is a major 

determining factor in the sensor response time [37]. Both PA6 

and the dye-copolymer are hydrophilic (co)polymers and thus 

wettability of the samples is excellent, giving rise to fast-

responsive halochromic nanofibers.  
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Fig. 5: Normalized Kubelka-Munk values of the DR1-doped 

(a), DR1-A-doped (a) and blend (c) nanofibrous samples, 

illustrating the color change from bright pink to orange through 

a hypsochromic shift with increasing pH. No significant 

differences in halochromic behavior are registered between the 

samples.  

Optical properties of indicator dyes can be very sensitive to the 

environment (matrix) and immobilization reactions [7,10,20]. 

As anticipated, the latter did not significantly affect the 

halochromic behavior of DR1, since the functionalization is 

performed at the hydroxyl group that is electronically 

decoupled from the conjugated dye system (chromophore). 

Indeed, both the DR1-A-doped nanofibers and the P(HEA-co-

DR1-A)-containing nanofibers have similar properties to the 

DR1-doped nanofibers, as described above. DR1 is an azo dye 

best known for its applications in electro-optics or 

solvatochromism. Its halochromic properties are less exploited 

since the dye is not easily soluble in aqueous solutions, 

especially at higher pH in its unprotonated state. P(HEA-co-

DR1-A), however, is well soluble in water at room temperature, 

allowing us to evaluate the influence of the PA6 nanofibrous 

environment on the halochromic properties of the dye, 

compared to an aqueous environment (Fig. 6a vs. Fig. 6b). 

 

 

Fig. 6: Normalized Kubelka-Munk values of the blend 

nanofibrous sample (a) and normalized absorbance spectra of an 

aqueous P(HEA-co-DR1-A) solution (b). Interactions between 

the dye-copolymer and PA6 in the nanofibers have a small 

influence on the halochromic behavior; the pH-range of the 

color change is narrowed and shifted to lower pH values. 

The color change in both environments is similar, going from 

bright pink to pale orange. The polymer environment, however, 

affects the pH-range in which the color change takes place, 

shifting it to lower pH values for the nanofibers in comparison 

to the aqueous solution. Specific interactions between DR1 and 

PA6, possibly including hydrogen bonding and ionic 

interactions, apparently cause a decrease in pKa of DR1 from 

around 1.5 in aqueous solution to about 0.5 in the nanofibrous 

environment. Similar to the effect of substituents on the dye 

chromophore more frequently studied in literature [61,62], it is 

not uncommon that incorporation of pH-indicator dyes in 

polymer matrices result in a shift in pKa of 1 unit due to dye-

matrix interactions [7]. Overall, the changes in halochromic 

properties of DR1 are limited to this change in pKa, illustrating 
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that blend electrospinning using a DR1-containing copolymer is 

a viable strategy for the production of fast-responsive 

halochromic nanofibers. 

Dye release  

As previously mentioned, in the development of halochromic 

nanofibers the chosen indicator dye is mostly added to the 

electrospinning solution before fiber production, referred to as 

dye-doping. For most systems, there are no specific interactions 

between the polymer and the dye, leading to improper 

immobilized dye molecules and thus dye leaching, being a 

major for future applications [35,36,62]. Van der Schueren et 

al. showed that the use of a polymeric complexing agent 

significantly reduces the leaching of some pH-sensitive dye 

molecules since the mobility of the dye-polymer complex is 

lowered [36,37]. However, this strategy is only useful for 

complex-forming dye molecules. This paper therefore 

investigates the more generally applicable covalent linkage of 

the dye to a polymer component, illustrated with the DR1-based 

model system. The leaching is quantified by comparing dye-

transfer of the DR1-containing nanofibrous samples to 

standardized reference fabrics after being in contact under 

specific conditions detailed in the experimental section. The 

migration of the dye was subsequently quantified by comparing 

the color of the reference fabrics to their unstained counterparts 

(Fig. 7). 

 

 

Fig. 7: Staining of the PA6 reference fabrics in the water 

fastness tests using (I) PA6/DR1, (II) PA6/DR1-A and (III) 

PA6/P(HEA-co-DR1-A) samples. The difference between the 

unstained reference (a) and the stained references (b: pH 2, c: 

pH 7, d: pH 12) is indicative for dye leaching, which is negligible 

for the blend nanofibers.  

The results show that there is significant dye transfer from the 

dye-doped nanofibrous samples (both with DR1 and DR1-A) to 

the reference fabrics at all pH values (compare a to b, c and d 

resp. in Fig. 7I and 7II), whereas there is almost no staining of 

the reference when in contact with the blend nanofibers 

(compare a to b, c and d resp. in Fig. 7III). This remarkable 

difference in reference staining illustrates the merit of the 

covalent bond and efficient immobilization of P(HEA-DR1-A) 

in the PA6 matrix,  

 

 

Fig. 8: Water fastness results, reflecting dye migration to a 

PA6 reference fabric, indicating that dye leaching is minimal for 

the blend nanofibers (a) and that a longer dwell time of the 

polymers in the acid electrospinning solution significantly lowers 

dye leaching (b). 

proposedly by chain entanglements. What was visually 

represented in Fig. 7, is now quantified in Fig. 8a through 

calculation of the color difference ∆E between the unstained 

reference fabric and the stained fabrics at different pH. 

Introduction of an acrylate group into the DR1 dye molecule 

decreases ∆E by half, since the dye molecule is rendered more 

hydrophobic. It is clear, however, that even DR1-A is not 

properly immobilized in the dye-doped nanofibers as major dye 

migration is still observed. In contrast, blend nanofibers show 

an almost negligible dye migration, ascribed to fixation of the 

P(HEA-DR1-A) within the PA6 nanofibers through chain 

entanglements. For reference, also PDAC was added to the dye-

doped PA6 nanofibers, but it did not result in a reduction of ∆E, 

illustrating the viability of the immobilization strategy based on 

covalent coupling of this type of dye molecule. Additionally, 

dye migration was even lower with longer dwell times of the 

PA6/P(HEA-co-DR1-A) blend in solution before fiber 

formation, as can be seen in Fig. 8b, possibly due to better 

mixing resulting in a more homogeneous electrospinning 

solution. 

Fig. 8b also revealed a higher ∆E value at high pH for the 

polymer blend nanofibers. In order to investigate the effect of 

pH on the dye release of the blend nanofibers, additional water 

fastness tests were performed. The nanofibrous samples were 

introduced in aqueous solutions with different pH values and 
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after 24 hours of soaking, the absorbance values of the 

solutions  

 

Fig. 9: (a) Water fastness results reflecting dye migration to a 

water bath, indicating that the blend nanofibers (29h dwell time) 

show increasing dye release at pH above 7, possibly due to 

hydrolysis and higher solubility in aqueous solution. (b) Extent 

of hydrolysis of P(HEA-co-DR1-A) in buffered solution at pH 13, 

as determined based on gas chromatography experiments 

measuring ethylene glycol concentrations.  

were recorded, giving an effective measure of the dye 

concentration (Fig. 9a). At pH values above 7, the dye release 

to the solution systematically increased with increasing pH. 

SEC analysis of these solutions revealed that the measured 

color was caused by dissolved copolymer and not by individual 

DR1 molecules (ESI2), indicating that the DR1-containing 

copolymer dissolves out of the blend nanofibers at higher pH. 

In an alkaline environment, the P(HEA-co-DR1-A) that is in 

contact with the water can undergo hydrolysis, transforming the 

poly(2-hydroxyethyl acrylate) into poly(acrylic acid) under 

release of ethylene glycol. The resulting acrylic acid groups 

will be deprotonated leading to significantly enhanced 

solubility of the copolymer and its partial dissolution. 

Quantification of the speed and the extent of hydrolysis was 

performed by measuring the amount of ethylene glycol released 

in time in a buffered copolymer solution at pH 13 using gas 

chromatography (Fig. 9b). Initially, the amount of ethylene 

glycol increases quickly, indicating fast hydrolysis at this pH 

value. Gradually, the increase is slowed down due to 

neutralization of the buffer by the formed acrylic acid until it 

reaches a plateau at a hydrolysis percentage of roughly 45 %. 

The hydrolysis percentage at the plateau is strongly dependent 

on the starting pH of the solution, as this determines the amount 

of acrylic acid that needs to be formed to neutralize the solution 

and thereby stops the hydrolysis. This effect also explains the 

increase in absorbance of the water bath with increasing pH 

shown in Fig. 9a, as this corresponds to a higher hydrolysis 

percentage in the copolymer and therefore a higher solubility. 

In future work, this effect may be minimized by replacing the 

hydrolysis-sensitive acrylate monomer with a more stable 

methacrylate or acrylamide. 

Conclusions 

In summary, a new concept for the facile immobilization of pH-

responsive dyes in nanofibrous nonwoven materials was 

demonstrated by electrospinning a mixture of PA6, as matrix 

material, and a DR1-functionalized P(HEA). The use of blend 

electrospinning allowed the fabrication of halochromic 

materials based on PA6 with a stable fiber diameter, 

homogenous color and fast local pH response. The 

incorporation of the dye into the copolymer drastically 

decreased its mobility and leaching from the fibers, proposedly 

due to polymer entanglements with PA6 within the nanofibers. 

This is concluded based on the almost negligible migration of 

the dye from the blend nanofibers to a reference fabric or water 

bath at acidic or neutral pH. These developed sensor materials 

are interesting for several sectors, including the biomedical 

field, agriculture, safety and technical textiles. Application as a 

visual warning patch in protective clothing could be particularly 

interesting as a fast and clear color change is obtained by 

exposure to for instance hydrochloric acid fumes. For 

applications in the biomedical sector, future work will involve 

the use of a more hydrolytically stable copolymer and a pH-

responsive dye with a sensing region between the pH of 6.5-7 

in order to fabricate a hydrolytically stable working example of 

a ‘smart’ wound dressing. 
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