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a b s t r a c t

The application of pH-sensitive dye molecules onto textile materials is a promising method for the
development of sensor materials. Ten commonly used pH-indicators, namely sulfonphthaleine dyes, are
applied onto polyamide 6 using two distinct methods: conventional dyeing of fabrics and dye-doping of
nanofibres. The influence of the substituents of each dye on their interaction with polyamide, as well as
the difference between both application methods is investigated. For the conventionally dyed fabrics,
halogen substituents are needed to result in a pH-sensitive fabric. This can be traced back to halogen
bonding and is supported by theoretical simulations. Dye-doped nanofibrous non-wovens show signif-
icant dye leaching, which can be understood based on the very acidic electrospinning solution. The use of
a complexing agent improves the leaching properties, especially for dyes containing four bromine
substituents. These findings indicate the importance of halogen substituents on sulfonphthaleines for
further research in the development of pH-sensitive sensors.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The colouring of textile materials is a widely applied and well-
known process, wherein the focus is mainly on the development
of dyes resulting in textile materials with constant colour [1,2].
Recently however, in the light of stimuli-responsive polymeric
materials [3e7], an increasing interest is shown in the development
of colour-changing materials such as pH-sensitive textiles [8e15].
These halochromic textiles can show an easily visible output signal
in a non-destructive way. They also maintain all advantages of their
parent materials: a textile sensor shows a high flexibility in contrast
to conventional sensor systems. Furthermore, their applicability on
large surfaces and the ability to give a local signal are great benefits
De Meyer), iline.steyaert@
(K. Hemelsoet), richard.

que.vanspeybroeck@ugent.be
Clerck).
[16e30]. Possible applications include wound bandages and
detection of acid vapours [13,31].

Herein, we focus on the application of sulfonphthaleine dyes on
polyamide 6 (PA6). Sulfonphthaleine dyes form a relatively small
dye class, but are widely used as acidebase indicators because they
show a clear colour transition in function of pH. Therefore they find
application in various other areas, such as detection of pesticides
and CO2, but also in biological and medical fields [32e51]. To utilise
these dyes in textile sensors, a thorough understanding of their
behaviour in aqueous solution is a prerequisite. Following our
experience in studying a dye molecule in aqueous solution [14], a
systematic study of ten commercially available sulfonphthaleine
dyes was performed [15], wherein a clear influence of the sub-
stituents was found on the pH-sensitive behaviour (Fig. 1).

The colour changing mechanism of sulfonphthaleine dyes can
be ascribed to a protonation/deprotonation reaction, as illustrated
in Scheme 1. The dyes can exist in a neutral form (x) in powder or in
very acidic media. Themost interestingmolecular change (and thus
colour change), however, is the deprotonation of a single anion (xa)
to a resonance stabilised double anion (xb). The pKa values given in
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R1 R2 R3 pKa

(1) Phenol Red H H H 8.0

(2) Cresol Red CH3 H H 8.3

(3) m-Cresol Purple H H CH3 8.5

(4) Xylenol Blue CH3 H CH3 9.1

(5) Thymol Blue i-Pr H CH3 8.9

(6) Chlorophenol Red Cl H H 6.7

(7) Bromophenol Blue Br Br H 4.1

(8) Bromocresol Purple Br CH3 H 6.3

(9) Bromocresol Green Br Br CH3 4.8

(10) Bromothymol Blue i-Pr Br CH3 7.4 pH-region of the colour change
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Fig. 1. Basic structure of sulfonphthaleine dyes and substituents of all studied molecules. The linear correlation between theoretical proton affinities and experimental pKa's on the
right hand side illustrates the large influence of substituents on the halochromic behaviour (adapted with permission from Ref. [15]).

_

Scheme 1. General colour changing mechanism for sulfonphthaleine dyes. While the neutral structure x is observed only in very acidic solutions or in powder, the relevant colour
change originates from a deprotonation from the single anionic form xa to a double anion xb.
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Fig. 1 are those of the deprotonation reaction from xa to xb and it
can clearly be seen that the substituents have a large influence on
the pH-region where this reaction happens. The molecular struc-
ture of these dyes is not only important for the observed colour
transition, but also for the behaviour during the different dye
application processes, as will be shown in this contribution.

Sulfonphthaleine dyes are applied onto PA6 in this work using
two methods: conventional dyeing of fabrics and dye-doping of
nanofibres. Nanofibres have a very small fibre diameter (and thus
high specific surface area) [52], which results in very fast reaction
times. This makes them very suitable as basis to develop hal-
ochromic sensors for wound healing and other optical applications
[24,28,53e67]. Conventional fabrics have a slower reaction time
because of their larger fibre diameter, but are ubiquitous, which is
why they are also investigated here.

For the development of nanofibres, polyamide 6 and dye mol-
ecules are dissolved into a formic acid/acetic acid solution, which is
then electrospun. During this very fast process (which occurs at
room temperature), the solvent evaporates, forcing entrapment of
the dye molecules in the fibres (see top of Fig. 2). Conventional
dyeing of fabrics on the other hand is a diffusion process: during a
relative long time (one hour) and at elevated temperature (100 �C)
[68], the dye molecules are allowed to diffuse into the micro fibres
from an aqueous solution at pH 5 (in the form of a fabric, see bot-
tom of Fig. 2). Dye-fibre interactions are therefore the driving force
for this dyeing process. The pH of both dyeing processes determines
in which state the dye molecules will be (neutral, anion or dianion,
see Scheme 1). This, combined with other differences such as fibre
diameter, will greatly influence the interactions between the dye
and PA6. These will be analysed using UV/Vis spectroscopy and by
performing dye leaching tests.

Further insight will be gained by applying molecular modelling,
which is increasingly applied when studying dye molecules
[69e71]. These simulations will provide insight on a molecular
scale and help to understand the cause of a colour change [14,15].
The theoretical calculations in this work, which are all performed
using Density Functional Theory (DFT), are utilised to gain a better
understanding of the interaction of sulfonphthaleine dyes with the
PA6 environment. This was previously successful to understand the
experimentally observed pH-sensitive behaviour [28]. It has also
been shown that M06-2X provides a good agreement with exper-
iment when studying interactions, especially halogen bonding
[72,73].

In a previous study, it was shown that the substituents of sul-
fonphthaleine dyes have a large influence on the pH-sensitive
behaviour in aqueous solution [15]. The same ten molecules will
now be applied onto PA6 to analyse the influence of these sub-
stituents on the interaction with PA6 and to study changes in pH-
sensitive behaviour. Moreover, the dyeing will be performed in
two different ways: conventional dyeing of fabrics (Section 4.1) and
by dye-doping nanofibres (Section 4.2). The difference between
these two methods is expected to have a large influence on the
interaction, which is analysed by UV/Vis spectroscopy and dye
leaching tests and will be further discussed in Section 4.3. As in our
previous work, a combined experimental and theoretical approach
is used to unravel the halochromic behaviour.
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Fig. 2. For the fabrication of nanofibres (top), polyamide 6 and dye molecules are dissolved into a formic acid/acetic acid solution, which is then electrospun. During the con-
ventional fabric dyeing process (bottom), dye molecules are allowed to diffuse from an aqueous solution at pH 5 into the polyamide 6 fabric at elevated temperature (100 �C).
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2. Materials and methods

All dye molecules were supplied by SigmaeAldrich and used as
received, together with hydrochloric acid (1 mol/L), acetic acid
(1 M) and sodium hydroxide (50 m%) for pH regulation. Measure-
ment of the pH values was executed with a Hamilton glass elec-
trode and a SympHony pH meter. UV/Vis spectra of a 10 mg/L
solution were measured on the Lambda 900 spectrophotometer
from PerkinElmer in the interval 300e800 nm (with a resolution of
1 nm). The transmission measurements in solution were recalcu-
lated to absorbance; reflection measurements on the fabrics/non-
wovens were recalculated to KubelkaeMunk.

Conventional dyeing was performed on white PA6 fabrics pro-
vided by Concordia Textiles, Belgium. Each fabric is submerged at a
liquid ratio of 100:1 in a 0.3% on mass fibre (%omf) dye solution;
buffered at pH 5. The mixture was subsequently heated to 100 �C in
a Matis Labomat for one hour, allowing for diffusion of the dye
molecules into the fabric.

The nanofibrous PA6 non-wovens were produced by solvent
electrospinning using a 50/50 acetic acid/formic acid (AA/FA) sol-
vent system and a PA6 concentration of 16 wt% [74]. Prior to elec-
trospinning, the solutions were characterised to determine their
viscosity (Brookfield LVDV-II), conductivity (Radiometer Analytical
CDM210) and surface tension (Wilhelmy plate method). For elec-
trospinning, 18 gauge needles and a grounded aluminium collector
were used. Process parameters were adapted to result in a stable
process; a flow rate of 2 mL/h, a tip-to-collector distance of 6 cm
and an applied voltage between 20 and 25 kV were used. All
electrospinning trials were performed at ambient humidity and
temperature (45 ± 10%RH, 18 ± 3 �C). The obtained nanofibre
morphology was examined by scanning electron microscopy (FEI
Quanta 200 F) at an accelerating voltage of 20 kV. Sample prepa-
ration was done using a gold sputter coater (Balzers Union SKD
030).

Pure PA6 solutions were electrospun as reference, dye-doped
samples were obtained by adding sulfonphthaleine dyes directly
to the PA6 electrospinning solution. All coloured nanofibrous PA6
non-wovens contained a dye concentration of 0.3%omf. The effect
of the complexing agent poly-(diallyldimethylammonium chloride)
(PDADMAC) was tested for a concentration of 4%omf, also added
directly to the electrospinning solution. For electrospinning, PA6
(Mw 51,000 g/mol, PDI 1.82), PDADMAC (Mw 100,000e200,000,
20 wt% aqueous solution), AA (99.8 v%) and FA (98e100 v%) were
supplied by SigmaeAldrich and used as received. No significant
differences in solution properties or nanofibre morphology were
seen between blank PA6 nanofibres and dye-doped or PDADMAC-
containing nanofibres.

Analysis of the dye migration/immobilisation was done in two
different ways. Firstly, the leaching in an aqueous solution with
controlled pH was tested by introducing 10 mg of fabric in 10 mL of
the aqueous solution. After 24 h, the samples are removed and the
solution was measured by UV/Vis spectroscopy. The absorbance
gives an effective measure of the dye migration to the water bath of
known pH. Secondly, the dye transfer to a PA6 reference fabric was
tested based on the standard ISO 105-E01:1994. The fabric was
placed between two adjacent reference fabrics showing affinity for
the dye, in our case PA6 on one side and wool on the other. While in
contact with these reference fabrics, the sample was immersed in
an aqueous solution with controlled pH for 30 min and subse-
quently placed in an oven (37 �C) under a calibrated load for 4 h.
The staining of the adjacent PA6 reference fabric was characterised
by UV/Vis spectroscopy, obtaining the Lab-values (OptLab-SPX, 10�

observer, D65 illuminant). Based on these values, a colour differ-
ence (DE) could be calculated between the unstained and the
stained reference, giving an effective measure of the dye migration
to the PA6 adjacent fabrics. A detailed description of the calculation
of a colour difference (DE) can be found in the Supporting Infor-
mation (SI) of Ref. [31].
3. Theory and calculation

All calculations were carried out in Gaussian09 [75] using
Density Functional Theory (DFT), as this method is both computa-
tionally efficient and sufficiently accurate for examining large dye
molecules. Geometries were optimised using the M06-2X elec-
tronic structure method in combination with the 6-31G(d,p) basis
set [76]. M06-2X is a meta hybrid functional, using 54% exact ex-
change. Conformational analysis and frequency calculations were
performed to find the absolute minimum for each system.
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4. Discussion

4.1. Conventional dyeing of fabrics

All ten sulfonphthaleine molecules were conventionally dyed
onto PA6. In Fig. 3, the UV/Vis spectra of Phenol Red (1) are shown
for the dye in solution and dyed onto PA6 at different pH values. The
UV/Vis spectra of Xylenol Blue (4) and Bromophenol Blue (7) are
also depicted, as examples of dyes with electron donating and
withdrawing substituents respectively. The spectra obtained with
all dyes are shown in Section S1 of the SI.

It is clear that a distinction can be made between the effect of
electron donating groups (2e5) and electron withdrawing groups
(6e10). Fabrics dyed with Phenol Red (1) and dyes with electron
donating substituted dyes (2e5) do not show any halochromic
behaviour, while those containing dyes with electron withdrawing
groups (6e10) on the other hand do. The colour changewas noticed
to be rather slow, however, which is why the spectra for fabrics
with dyes 6e10 are recorded after 24 h immersion in a pH bath. It is
emphasised that dyes 1e5 did not showa halochromic behaviour in
the fabric, but did in aqueous solution. Upon deprotonation of the
dye molecules, however, a high amount of leaching occurred (see
further below). This indicates a weak interaction that is confirmed
by the absorption peaks of these dyed fabrics (around 430 nm),
which is almost equal to the one in solution around neutral pH. The
fabrics dyed with 6e10 maintain their halochromic behaviour,
which suggests that the halogen substituents allow for a different
kind of stronger interaction with the textile material, which will be
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Fig. 3. UV/Vis spectra of dyes 1, 4 and 7 in solution (left hand side) and conventionally dyed
absorption wavelength of the dyes is plotted in function of pH both in solution and dyed o
analysed by the leaching tests. To gain more insight into the pH-
range where the colour change happens, the maximum absorp-
tionwavelengths are plotted in function of pH for dyes 1, 4 and 7 in
Fig. 3; plots obtained with all dyes are shown in Section S1 of the SI.
It is clear that for dyes 6e10 the pH-sensitive behaviour is very
similar in solution as dyed onto PA6 fabrics: both the absorption
wavelengths and pH where the colour change happens are almost
the same, albeit the latter is sometimes shifted slightly more to-
wards acidic environment.

To gain more insight into the difference in halochromicity, dye
leaching tests are performed. These tests give a quantitative mea-
sure for the dyeepolymer interaction and two different leaching
techniques are applied (see Section 2). The first is dye leaching to an
aqueous solution, where the fabric is submerged in a water bath at
three different pH values: 2, 7 and 12. The amount of dye leached
into the water bath is a measure for the interaction strength be-
tween the dye and the environment, in which a higher value rep-
resents weaker interactions. The second method used is a staining
test, in which the dye leaching to another blanc fabric is studied.
The colour change of this blanc fabric (measured as DE) serves as a
measure of the amount of dye leached. The advantage of this
method is that water solubility has a lower influence compared to
standard leaching tests. All data can be found in Section S2 of the SI,
the leaching at pH 12 to an aqueous solution is given in Table 1.

For all dyes, the leaching was found to be much higher at pH 12
than at lower pH values, as can be seen in Section S2 of the SI, which
is why only the results for pH 12 are given in Table 1. At high pH, the
dye molecules get a double-anionic structure. This suggest that the
to PA6
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onto PA6 fabrics (centre) at different pH-values. On the right hand side, the maximum
nto PA6 fabrics.



Table 1
Leaching results for all dyes at pH 12 of the conventional dyed PA6 fabrics (% leached
to aqueous solution and DE of reference fabric) and the dye-doped PA6 nanofibres
(with and without complexing agent PDADMAC).

Conventional dyeing of PA6
fabrics

Dye doping of PA6 nanofibres

% Leached % Leached

Dye pKa Without PDADMAC With PDADMAC

1 8.0 66 84 68
2 8.3 76 98 e

3 8.5 53 80 e

4 9.1 58 100 75
5 8.9 42 86 e

6 6.7 62 88 e

7 4.1 16 48 13
8 6.3 35 76 e

9 4.8 13 5 7
10 7.4 13 74 e
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higher solubility of the dye in aquatic environment causes a larger
driving force for breaking the interactions with the fibre and
enhanced dissolution of the dye into the leaching bath. It is noticed
that dyes exhibiting a high water leaching, also result in a high
colour change (DE) of the reference fabric. Therefore, only the re-
sults of leaching to an aqueous solution are given in Table 1, all
other data can be found in Section S2 of the SI. This indicates that
the solubility of the dye molecules have a lesser effect on the
leaching data.

Dyes 1e5 show rather high leaching, which confirms the results
of the UV/Vis analysis: the dyes get deprotonated and leach out of
the fabric. Dyes 7e10, containing bromine substituents, showmuch
lower leaching, which further confirms the pH-sensitive behaviour
discussed above. Moreover, as can be seen from Table S1 in the SI,
they leach even less in more acidic environment, which is also the
pH-regionwhere these dyes change colour. Dye 7 for example has a
colour change below pH 4 and leaches only 0% and 3% at pH 2 and 7
respectively, making it an ideal sensor for acid vapours. Dye 6,
which has a chlorine substituent, shows rather high leaching, but
still shows halochromic behaviour in the fabric. This indicates that
halogen substituents must allow for different interaction(s) with
PA6 compared to dyes without halogens, which can be maintained
upon (de)protonation. This will be further discussed in Section 4.3.
It is also noted that only dyes 7 and 9 have their pKa below pH 5, the
pH of the dyeing process, meaning they will be mainly in the dia-
nionic form and the others in the anionic form, which could explain
their very low leaching as they are entrapped in their most soluble
state. When comparing dyes 8 and 10, however, one can see that
this is not the only parameter influencing the leaching behaviour:
their pKa's differ only one unit (both above pH 5) and there is still a
factor 3 difference in percentage of dye leached. Dye 10 is much
bulkier than 8, which indicates that themolecular weight of the dye
molecules also has an influence and this will also be examined in
Section 4.3.
4.2. Dye-doping of nanofibres

In contrast to the conventional dyeing process, direct electro-
spinning of coloured nanofibres is not based on diffusion processes
of a dye into a polymer matrix, but the dyes are forced into the
fibres as the solvent evaporates. As mentioned in the introduction,
this is expected to have an influence on the possible interactions.
When trying to perform a UV/Vis spectroscopy analysis at different
pH-values, very high leaching was observed. Therefore, leaching
tests were performed first and the results at pH 12 are given in
Table 1. Data at pH 2 and 7 can be found in Section S1 of the SI.
Given the similar results between both leaching tests for the
conventionally dyed fabrics, only dye leaching to the aqueous pH
bath was recorded here.

It can clearly be seen that most dyes have a rather poor inter-
action with the PA6 nanofibres. Compared to the results of the
conventional dyeing process, it can be concluded that the in-
teractions with the non-wovens is much lower. Taking into account
the very acidic electrospin solution, dyes will be in the neutral or
anionic form (x or xa), meaning they are entrapped in their least
water-soluble form, which can partly explain the high leaching
observed here. It is also noted that the differences between the
different dye molecules are much smaller. This indicates less effect
of the molecule itself on the leaching properties, which is discussed
in Section 4.3.

To try and improve upon this result, electrospinning of dye-
doped nanofibres was repeated for dyes 1, 4, 7 and 9 with the
addition of a complexing agent, PDADMAC. This polycationic agent
is often used to suppress dye leaching [24], the results of which are
also given in Table 1 (full data in Table S2 of the SI). PDADMAC has a
beneficial effect for all dyes, which means that the ionic in-
teractions with the complexing agent indeed limit the migration of
the dyemolecules out of thematrix. The effect of PDADMAC ismore
pronounced for dyes 7 and 9 as compared to dyes 1 and 4, which
will be discussed further on.

Recording UV/Vis spectra with changing pH for non-wovens
that show very high (pH-dependent) leaching is quite error-
prone. Therefore, only dye-doped samples with PDADMAC are
analysed using UV/Vis spectroscopy (Fig. 4). The most important
observation is that all dye-doped nanofibres, including thosewith 1
and 4, are halochromic, in contrast to conventionally dyed fabrics.
This is probably due to the fact that the combination of PA6 and
PDADMAC allows for stronger interaction with the dye molecules
than only PA6. It must, however, be kept inmind that the leaching is
still relatively high. Samples dye-doped with 7 and 9 on the other
hand also show a clear colour change. Combined with their much
better leaching results, they are suitable candidates to be used as
sensor materials. It is also noted that the colour change is on the
time scale of minutes and is thus much faster than the conven-
tionally dyed fabrics. This is due to the much smaller fibre diameter
and increased specific surface area, which enhances contact to the
aqueous environment.

The peaks in acidic environment are almost the same as in so-
lution (see also Fig. 3 and Section S1 of the SI); in alkalic environ-
ment the difference is in the range of 10e15 nm. It can clearly be
seen from Fig. 4 that the alkalic peak for the nanofabric dye-doped
with 4 is composed of two smaller peaks. One is around 570 nm,
which is about the same as in solution, which is why this peak can
be ascribed to non-bonded dye. Similar to the conventionally dyed
fabrics, the maximum absorption wavelength is plotted in function
of pH in Section S3 of the SI. It is again seen that the pH-sensitivity
is similar compared to solution, although it is noticed for dye 1 that
the colour change happens in more acidic environment (around pH
6 compared to around pH 8 in aqueous solution).

4.3. Study of interactions

As indicated in Sections 4.1 and 4.2, the molecular weight of the
dye has a clear influence on the leaching properties. To gain more
insight, the percentage of dye leached at pH 12 (taken from Table 1)
for conventional fabrics and dye-doped fibres (with and without
PDADMAC) are plotted vs themolecular weight of each dye in Fig. 5.

For both dyeing processes, a clear influence of the molecular
weight on dye leaching is seen. A highermolecular weight results in
lower leaching, which indicates the leaching process is (at least
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partially) diffusion driven. This effect is most pronounced for the
conventionally dyed fabrics, where the R2 of a linear regression is
more than 0.90. This indicates that diffusion is indeed the pre-
dominant factor for leaching, which can be understood from the
large fibre diameter.

For the dye-doped samples, however, the slope of the linear
regression is lower, indicating a lower influence of the molecular
weight on the leaching properties. Combined with the R2 value of
only around 0.75, this suggests there are other factors also influ-
encing the leaching behaviour. This can partially be ascribed to the
small fibre diameter and large specific surface area, although this
still does not explain why the complexing agent PDADMAC has
such a large effect on 7 and 9 and to lesser extent on 1 and 4, as can
clearly be seen from Fig. 5.

Therefore, it was examined if the acidic nature of the electro-
spinning solution (ESS) plays a role in this. The ESS consists of 50%
formic acid and 50% acidic acid. This is a very acidic medium and it
is thus not unlikely that some dye molecules undergo another
protonation (and thus go to form x in Scheme 1). This molecular
change should cause a colour change and therefore the UV/Vis
spectra of all dyes in the ESS are measured and compared to the
spectra in aqueous solution as we had measured before [15]. The
Fig. 5. Leaching of all dyes with both dyeing methods in function of dye molecular weight: co
side. For the latter, the improvement upon adding of PDADMAC is indicated.
spectra for dyes 1, 4, 7 and 9 are given in Fig. 6, the others can be
found in Section S4 of the SI.

In the ESS, the dyes without halogen substituents (1e5) show a
colour change, which translates in a new absorption peak in the UV/
Vis spectrum. This colour change indicates that these molecules
indeed undergo complete protonation in the ESS resulting in the
neutral form x in Fig. 1. Similarly, dye 6, with a chloride substituent,
also shows a new absorption peak. Dyes 7e10 show an equilibrium
between x and xa. For 7 and 9 only a small extra peak is observed,
meaning that the equilibrium is mostly shifted to the single anionic
form (xa). This can be understood from the high electron with-
drawing properties of the four bromine substituents on each dye
molecule. The remainder of the negative charge on the bulk of
these molecules allows for Coulomb interactions with the poly-
cationic complexing agent PDADMAC, which explains the lower
tendency for leaching of these dyes. Dyes 6 and 8 have only two
bromine substituents. The electron withdrawing effect is thus
smaller, which is why the equilibrium is mostly shifted to the
neutral form x. This shows that the substituents have an indirect
effect on the interaction of the dye with PA6 þ PDADMAC.

Besides the actual leaching values, it was observed that for the
conventionally dyed fabrics, only dyes with halogen substituents
nventional dyeing on the left hand side and dye-doping of nanofibres on the right hand
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change colour and maintain their interaction with the textile ma-
trix (Fig. 3). To obtain more insight into the interaction of the dye
molecules with PA6, we studied interaction energies. An in-depth
study of the polymeric structure of PA6 would require MD sam-
pling of the configuration space and simulations at high length and
time scale, which are beyond the scope of this paper. Therefore, a
relatively simple molecule, methylacetamide (Fig. 7), which has the
same amide group in a comparative molecular environment, is
used to evaluate the interactions. These interactions occur at
several positions on the dye molecules, of which the only sites that
differ between the dyes are on the phenolic rings. Hence these
phenolic rings, which are either neutral or anionic, are taken as
model systems (Fig. 7). We only report electronic interaction en-
ergies (DEel), as our small model system does not give a realistic
representation of the entropies of the molecules entrapped in a
textile matrix.

Two types of interactions between the methylacetamide mole-
cule and the phenolic rings are possible: hydrogen bonds and
halogen bonds. Both interactions are considered in Fig. 8. The
hydrogen-bonded structures (A, B, C and D) clearly exhibit the
highest interaction energies. The hydrogen bonds for the negatively
charged systems (B and D) are roughly twice as strong as for the
neutral ones (A and C). The negatively charged system is stabilised
by the methylacetamide molecule, which explains this high DEel. If
an explicit interaction with the halogen substituents is considered
(E and F), the interaction energies are substantially lower. The
halogen bond with bromine (E) is stronger than the one with
chlorine (F), which can be understood from the size of both sub-
stituents. The length of the halogen bonds indicated in Fig. 8 is
Fig. 7. Schematic structure of methylacetamide (a) and phenolic ring (b), used to
mimic the interaction with polyamide.

Eel
kJ/mol0 -100-50

F

Fig. 8. Interaction D Eel of methylacetamide with several aromatic rings representative
for the dye molecules (see also Fig. 7). The hydrogen bonds are possible for each dye
and are not influenced by the presence of a halogen substituent. The halogen bonds,
however, are only possible for dyes with halogen substituents. Since hydrogen bonds
are easily broken in aqueous solution, this indicates why dyes with halogen sub-
stituents maintain interaction upon deprotonation. All structures are optimised with
M06-2X/6-31G(d,p) and distances are in given Å.
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consistent with values found in literature [72]. Even though only
one methylacetamide molecule is considered in these halogen
bonds, chlorine and especially bromine are large atoms, allowing
for multiple halogen bonds. Moreover, since the bond distances are
about double in length, these bonds are expected to be easier to
form.

Based on the results above, hydrogen bonds between the dyes
and PA6 are the dominant interaction. These interactions are
possible for each dye in this set, so no distinction can be made
hereupon. Moreover, hydrogen bonds are easily broken in an
aqueous environment in favour of hydrogen bonds with the water
solvent. This is certainly feasible for a dianionic structure, where
multiple water molecules can stabilise the system. This can explain
why in alkalic environment the dianions leach out of the textile
matrix more substantially. Halogen bonds on the other hand are
only possible for dyes 6e10 and are, as shown above, an important
contribution to the overall interaction of sulfonphthaleine dyes
with polyamide. These halogen bonds are much less affected by the
anionic/dianionic form of the dye, nor the aqueous solvent, so it can
be assumed that these interactions can be maintained. It is,
therefore, proposed that these halogen bonds allow the dyes to stay
fixed in the polyamide matrix upon deprotonation, allowing for
halochromic textile fabrics for dyes 6e10. This also explains why
the fabric dyed with 6, even though it showed high leaching, is still
pH-sensitive. This is a direct effect of the substituents, which is in
contrast to the nanofibrous samples, where an indirect effect of the
substituents determined the charge of the dye molecules in the ESS
and therefore possible interactions with PA6 with PDADMAC. This
emphasises the importance of the solution parameters, and more
specifically the pH, on the final interactions.

5. Conclusions

In this paper, a set of ten pH-sensitive sulfonphthaleine dyes was
dyed onto polyamide 6 using two different application methods.
Using conventional dyeing, a large influence of the substituents was
found both on the leaching properties and the halochromicity. A
linear trend between the molecular weight of each dye and the
amount of dye leached was found, explaining why dyes with
bromine substituents showed much lower leaching. It was also
observed that only dyes with halogen substituents still exhibited
pH-sensitive behaviour. Hydrogen bonds are possible for each dye
molecule and, with the aid of molecular modelling, it was seen that
the hydrogen bond interaction energy is about the same for each
dye. Hydrogen bonds are, however, more easily broken in aqueous
environment. Dyeswith halogen substituents can also show halogen
bonding, whichwas proposed to be an important contribution to the
overall interaction. Halogen bonds are less affected by the aqueous
environment, explaining why these dyes can maintain their inter-
action with the fibres after discolouration. In conclusion, the sub-
stituents have both an indirect effect (molecular weight) and direct
effect (halogen bonding) on the possible interactions with PA6.

For the dye-doped nanofibrous non-wovens, the importance of
the very acidic electrospinning solution was shown. Most dyes are
in the neutral state during electrospinning form a formic acid/acetic
acid mixture, meaning they have little to no tendency to interact
with the polyamide chains. Moreover, the dye solubility will be
enhanced when placed into an aqueous environment. This explains
the very high leaching for all dyes. When adding a polycationic
complexing agent, however, it was seen that the leaching proper-
ties of two dye molecules with four bromine substituents greatly
improved. By using UV/Vis spectroscopy, it was seen that these dyes
are still mostly in the anionic form, allowing for interaction with
the positively charged complexing agent. This could be understood
from the high electron withdrawing effect of bromine. The
substituents have therefore an indirect effect on the interaction
with PA6 nanofibres, namely the (de)protonation state of the
molecule in the electrospinning solution.

These findings show the important role of substituents for the
development of halochromic textile materials. Not only do they
greatly influence the pH-sensitive properties themselves, as was
shown before, but they also directly affect possible interactions
with the textile environment.
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