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a b s t r a c t

Thirteen fabrics are each dyed with either indigo, or 6-bromoindigo, or 6,60-dibromoindigo. When the
dyed fabrics, which had not undergone any finishing procedures, are boiled in water for 10 min, color
changes are observed: many indigo- and 6-bromoindigo-dyed fabrics turn more blue, while many 6,60-
dibromoindigo-dyed fabrics turn more red. These color changes are characterized by reflectance spectra
and colorimetry data. Evidence is presented that the color changes are related to particle sizes of the
dyes: 6,60-dibromoindigo-dyed carbon nanotubes, used as a fabric surrogate, show an increase in dye-
particle size upon heating, as judged by electron microscopy. Because we have shown previously that
6-bromoindigo-dyed carbon nanotubes give decreased dye-particle size when heated, we infer that, no
matter the indigoid or fabric, smaller particles tend to cause a bluer fabric shade, while larger particles
cause a redder shade.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The subject of Tyrian purple has provoked much interest for a
very long time. The manufacture of purple dyed textiles from

shellfish grew to be a major industry starting in Crete in the
Mediterranean Sea about 1800 BC. The industry grew all around the
Mediterranean and then contracted, being finally extinguished
when the last of the imperial dyeworks at Constantinople (now
Istanbul) was destroyed by Sultan Mehmet II in 1453. But, the
purple was not a European monopoly. It is found wherever there
are shellfish, notably Central America and Japan [1]. Of the various
descriptions of purple dyeing in the ancient world, the most com-
plete and best known is that of Pliny the Elder [2]. A modern suc-
cessful reconstruction of the dyeing process found that his ten-day
reduction time could be decreased to three to five days [3]. The
social significance of the purple has been explored [4].
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Over the years, many investigations of the dye and its color
variations have been reported. In the 19th century, before the
chemistry of the purple production was understood, Edward
Schunck studied the English mollusk, the dog whelk [5]. The major
component of Tyrian purple, 6,60-dibromoindigo (DBI), was only
identified in the early 20th century by Paul Friedl€ander after heroic
efforts involving 12,000 Murex brandaris mollusks [6]. It has long
been known that some mollusks, especially Murex trunculus, pro-
duce a more blue color [7], and this was usually assumed to be due
to indigo. But it might have been due to 6-bromoindigo (MBI).
However, this new component was not detected until an HPLC
method became available [8]. A more blue shade can be obtained if
the reduced form of DBI, leuco-DBI, is exposed to sunlight where-
upon it is debrominated. Then on oxidation, MBI and indigo are
formed. So the color obtained depends not only on the mollusk
used but also on how it is processed. In addition, the substrate has a
large influence on the shade obtained when dyeing textiles with
leuco-DBI [9].

In a recent article we reported a study of the thermochromic
properties of fabrics dyed with indigo, MBI, and DBI [10]. We
showed that, while some indigo-dyed fabrics give slight color
changes upon heating inwater, color changes of MBI- and DBI-dyed
fabrics can be more pronounced. Most interesting was the finding
that many indigo- and MBI-dyed fabrics after heating give color
changes toward longer reflected wavelengths of light, while the
heat-induced color changes of DBI-dyed fabrics are toward shorter
reflectedwavelengths. Many of theMBI- and DBI-dyed fabrics show
reflectance minimawith a shoulder (defined as a bulge in the curve
on either side of the minimum), one around 530 nm and the other
around 610 nm; it is the relative intensities of the minimum and
shoulder that determine a particular fabric's color e purple, violet,
or blue. These spectral features indicate presence of two types of
dye aggregates, one giving a more reddish color, while the other,
more bluish. In light of Cooksey and Sinclair's earlier dilution
studies which showed that small dye aggregates on fabric appear
more blue [9], we hypothesized that the heat-induced color
changes may have the same basis. To prepare a dyed-fabric surro-
gate amenable to electron microscopic analysis, we deposited MBI
dye aggregates on carbon nanotubes. The nanotubes showed
nanometrically sized dye aggregates, which became significantly
smaller after boiling in water for a short time. Thus, either dilution
of the dye vat or heating of the dyed fabric in water produces
smaller dye aggregates which give a bluer fabric.

This article extends the findings of our previous study
mentioned above, resulting in an explanation of the thermochro-
mic effects seen in dyeings with all three indigoids. We will first
present X-ray crystallographic data that indicate the thermochro-
mic behavior of MBI-dyed fabrics is particular to dye aggregates on
fabric, and is not a property of the bulk dye. To rule out the possi-
bility of a chemical reaction causing the observed color changes, we
present HPLC data of extracts from the fabrics that show no sig-
nificant chemical degradation of the dye. Then it will be seen that
the divergent thermochromic behavior of DBI-dyed fabrics vs. that

of indigo- and MBI-dyed fabrics, is not limited to wool and silk,
which were the subjects of our earlier study. A wide variety of
synthetic fabrics also exhibit this behavior, as will be shown by
reflectance spectral and colorimetric analyses. Finally, wewill show
that DBI-dyed carbon nanotubes contain dye aggregates that
become larger upon boiling in water, which is the opposite
behavior of MBI-dyed nanotubes.

2. Materials and methods

2.1. Chemicals and materials

The 13 fabrics used in the dyeing were obtained as multi-fabric
strips (style # 43) from Testfabrics, Inc. There were three natural
fibers: wool, cotton, and silk; three cotton-based synthetics: fila-
ment acetate (diacetate), filament triacetate, and viscose (Rayon);
three polyacrylics: SEF (modacrylic), Creslan 61, and Orlon 75; two
polyesters: Dacron 54 and Dacron 64; Nylon 66; and poly-

propylene. Single-walled carbon nanotubes (40e60 wt % carbon
basis, D x L 2e10 nm x 1e5 mm, bundle dimensions), tetrahydro-
furan (�99.9%, inhibitor-free), sodium hydrosulfite (sodium
dithionite; technical grade, 85%), DMSO (HPLC-grade), and indigo
(95%) were obtained from SigmaeAldrich. Ethyl benzoate (99%)
was obtained from Alfa Aesar. Water (HPLC-grade) was obtained
from Chem-Lab. Acetonitrile (HPLC-grade) was obtained from J. T.
Baker. Trifluoroacetic acid (HPLC-grade) was obtained from Riedel-
de Ha€en.

2.2. Instrumentation and analysis methods

2.2.1. X-ray crystallographic analysis

Crystallographic information was obtained using a Bruker
Kappa APEX II diffractometer equipped with an Oxford Cryostream
Cooler.

2.2.2. Visible reflectance spectra

Visible reflectance spectra of the first-pass dyeings were ob-
tained in dual-beam mode using a Varian Cary 50 Bio UVeVis
spectrophotometer equipped with a Barrelino remote diffuse
reflection probe by Harrick Scientific and a xenon flash lamp. The
scan range was 200e800 nmwith a maximum scan rate of 120 nm/
s. Spectra of undyed fabrics were taken before each measurement
and used as a calibration reference. The data were processed using
Cary WinUV and Origin software applications.

Visible reflectance spectra of the second-pass dyeings were
obtained using a Varian Cary 5000 UVeViseNIR spectrophotom-
eter equipped with an internal diffuse reflectance accessory that
consists of a 110-mm-diameter integrating sphere. The scan range
was 350e800 nm with a scan rate of 600 nm/min. Reflectance
measurements of fabric samples were made relative to a poly-
tetrafluoroethylene standard.
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2.2.3. Colorimetric analysis

CIELAB data were collected with a Konica Minolta Color Reader
CR-10 tristimulus colorimeter, with a 10-mm/8-mm aperture/
viewing area, 8� illumination angle with CIE standard illuminant
D65, CIE 10� viewing angle with diffuse viewing. All samples were
backed with an opaque white background. For the fabrics of the
multi-fabric strips, the aperture was too large and was modified by
use of an opaque white mask with a 4 � 4 mm aperture. This
modified aperturewas tested on several larger dyed fabrics, and the
colorimetric data obtained had higher L* values, and lower a* and
b* values, than data obtained with the unmodified aperture. But the
relative magnitudes of, and differences in, the values obtained with
the modified aperture were still found to be valid in drawing
conclusions about color differences between two fabrics. The values
of the larger fabric samples obtained with the unmodified aperture
were the averages of at least five measurements taken from
different spots on the fabrics; standard deviations were small, and
are listed along with the raw data in the Supplementary Data
section (see Table S2). For the multi-fabric strips using the modified
aperture, there are no standard deviations since only one mea-
surement was taken for each fabric; however, a standard deviation
of 0.8 can be assumed for the L* values, while 0.4 can be assumed
for the a* and b* values, based on the averages of the standard
deviations seen in measurements of the silk- and wool-alone
dyeings.

2.2.4. HPLC analysis

The HPLC-DAD system (Thermoquest) consisted of a model
4000 quaternary HPLC pump, an SCM 3000 vacuum degasser, an
AS3000 auto sampler with column oven, a Rheodyne 7725i injector
with 20-mL sample loop and a diode array detector UV 6000LP.
Analyses were carried out with an Alltima HP C18 column (Alltech;
5 mmparticle size, i.d. 250mm� 3.0 mm) at a stable temperature of
35 �C. The gradient elution program utilized two solvents: solvent
A: H2Oe0.1% trifluoroacetic acid and solvent B: acetonitrilee0.1%
trifluoroacetic acid [11]. A detector wavelength of 288 nmwas used
for peak area integrations.

A method devised and evaluated previously [11] for the
extraction of Tyrian purple was applied to extract the colorants
from the fabrics: Around 5 mg of the dyed fabric was weighed
precisely. The sample was cut into minute pieces, forming a ho-
mogeneous powder. This was transferred to a closed vial containing
200 mL DMSO. The vial was placed in an ultrasonic bath for 30 s, and
then was heated at 80 �C for 10 min. After centrifugation, the su-
pernatant liquid was analyzed by HPLC.

HPLC analyses of the dyed wool and silk were carried out in
triplicate and mean values of the HPLC integrated areas were
calculated for the detected compounds. These were normalized
taking into account the masses of the fabric samples. Relative
standard deviations were calculated (see Table S4 in the Supple-
mentary Data section).

2.2.5. TEM analysis

Transmission electron microscopy (TEM) data were collected at
200 kV with a Jeol 2100 instrument equipped with an EDAX energy
dispersive X-ray spectrometer. All data were collected at the
eucentric height to ensure reproducibility of measurements.

The dry powder of DBI-dyed single-wall carbon nanotubes was
crushed on a cleaned glass slide using weighing paper. The mixture
was then dispersed onto the cleaned, curved portion of a pipette
bulb by gently rolling the bulb across the mixture on the glass slide.
The bulb was then rolled, in one pass, across a lacey-carbon coated
copper TEM grid. The “dry” delivery was chosen to rule out any
possible artifacts due to residual solvent upon imaging. In order to
rule out the lacey carbon artifact (i.e. single carbon nanotubes and

lacey carbon both have filamentous morphologies), images were
taken in between the openings of the lacey carbon.

Average particle sizes were determined by manually averaging
the sizes of 50 particles from the TEMmicrographs (see Figures S28
and S29 in the Supplementary Data section) using ImageJ software.
The manual counting method was found to be highly accurate
becausewhen imageswith highermagnification are zoomed in, the
pixelated edges can be well distinguished and errors in size
determination are minimized. Also, the size histogram displays the
average sizes of many particles therefore the errors in size mea-
surement are further minimized.

2.3. Preparation of dyes

DBI was synthesized by the procedure of Tanoue et al. [12].
Purity was established by NMR and TLC analysis of the N, N0-bis(-
trifluoroacetyl) derivative [13,14], and by HPLC [15].

MBI was prepared by the procedure of Clark and Cooksey [13].
While their reported yield of MBI is 20%, in our hands the reaction
produces consistently a yield in the 40% range. The reason for this
discrepancy is unclear, as the literature procedure was followed to
the letter. However, some of the recrystallization parameters are
unspecified, so we present here our recrystallization procedure
from a reaction that was performed on the same scale as Clark and
Cooksey's. From a procedure that used 4.2 mmol of acetoxyindole
(the limiting reagent), 790 mg (55% crude yield) of crude MBI as a
violet solid was obtained. (Clark and Cooksey report the color as
dark blue.) This was dissolved in ethyl benzoate (100 mL) under N2,
and the mixture was heated at reflux for 30 min. The mixture was
allowed to cool to r. t., and suction filtered. Isolated was 590 mg
(41% yield) of product as a dark-violet powder. (Clark and Cooksey
report the color as black with a coppery lustre.) We have repeated
this procedure at double the scale, and the percent yields arewithin
two percent of the values above. Purity was established by NMR
analysis of the N, N0-bis(trifluoroacetyl) derivative [13,14], and by
HPLC [15].

2.4. Crystallization and sublimation techniques

2.4.1. Production of MBI crystals amenable to X-ray crystallographic

analysis: by recrystallization

A 250-mL 3-neck round-bottom flask fitted with a water
condenser was swept with N2, and kept under a positive pressure of
N2 during the recrystallization. A mixture of MBI (300 mg) and
ethyl benzoate (50 mL) was introduced, and heated at reflux (212 �C)
with magnetic stirring for 30 min. The dark-violet mixture was
allowed to cool to 205 �C at a rate of 1e2 �C/h, at which time stirring
was discontinued. Within a few hours, shiny dark-violet crystalline
particles began to form. The temperature was kept at 205 �C
overnight, after which time the mixture was allowed to cool to r. t.
The mixture was suction filtered, washing with ethanol. Isolated
was 256 mg of two types of crystals, the forms of which are easily
discerned at a magnification of 10�. The large crystals are the
majority; these are opaque, in the form of rectangular prisms,
approximately 0.5� 0.1� < 0.05 mm in size, and dark-violet with a
metallic sheen. A minority (�10%) of the crystals are in the form of
slightly smaller, much thinner rectangular prisms, are blue in color,
and translucent. The large opaque crystals were selected for our
previous single-crystal X-ray determination [16], while the smaller
translucent crystals were too small and fragile for this. Ziderman
has previously noted the appearance of MBI crystals of two
different colors [17].
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2.4.2. Macro-scale sublimation and vapor deposition of MBI

MBI (50 mg) was placed in a standard glass laboratory vacuum-
sublimation apparatus (20 cm height x 6 cm i.d.; obtained from Ace
Glass Inc.), and a pressure of 5 mm Hg was attained before heating.
The coolant was dry ice. Vapor deposition began to occur at 190 �C
and continued to 300 �C, during which time the heated crystals
vibrated and moved about quite markedly. The MBI was deposited
as a blue powder. No distinguishable crystalline features could be
seen at a magnification of 40�. No further analysis was performed.

2.4.3. Production of MBI crystals amenable to X-ray

crystallographic analysis: by semi-micro-scale sublimation and

vapor deposition

A much smaller apparatus than above was fabricated from a 9 x
80-mm test tube, into which a dry-ice cooled finger (6-mm o.d.
glass tubing flame-sealed shut on the bottom) was lowered. The
separation between the bottoms of the outer and inner tubes was
approximately 4 mm. MBI (20 mg) was placed in the bottom of the
outer tube and heat was applied to achieve sublimation. A reddish
gas initially formed, and deposited on the inner tube as a crystalline
solid. These crystals were the same color (dark-violet) as those
obtained from recrystallization, but were different in form, being
more like flattened blunt rectangular needles. These were sub-
jected to X-ray analysis (see Section 3.1 and Table 1 below).

2.4.4. Micro-scale sublimation and vapor deposition of MBI

A small amount of MBI was placed in the bottom of a melting-
point capillary, and heated with a heat gun until a red-purple gas
was produced. This gas crystallized on the cooler part of the
capillary as dark-violet rectangular prisms, apparently identical to
the opaque crystals obtained above from solvent. These were not
analyzed further. A video of this experiment can be viewed at:
https://www.youtube.com/watch?v¼3oNw-khx30E.

2.5. Dyeing procedures

2.5.1. Dyeing of multi-fabric strips

The multi-fabric strips, silk, and wool were dyed by the proce-
dure we reported [10], a variation of Cooksey and Sinclair's earlier
procedure [9]. A standard dye concentrationwas set at 0.036 mmol
indigoid/gram of fabric.

2.5.2. Dyeing of wool alone

The wool described in Section 3.2. was dyed by the standard
procedure for all three dyes. The detailed procedure for DBI-dyed
wool: A 250-mL 3-neck round-bottom flask fitted with a water
condenser was swept with N2, and kept under a positive pressure of
N2 during the dyeing. Distilled water (100 mL) and THF (15 mL) were
introduced, followed by NaOH (0.50 g, 13 mmol). The solution was
brought to reflux (75e80 �C) with magnetic stirring, and Na2S2O4

(0.50 g, 85% purity, 2.4 mmol) was added, followed immediately by
DBI (21 mg, 0.050 mmol), which had been finely ground in an agate
mortar. At this point, the room lights were turned off and the flask
was wrapped in aluminum foil. A yellow-green solution was ob-
tained after 15 min at reflux. Addition of NH4Cl (2.0 g, 37 mmol)
gave the leuco form of the dye, used to dye both fabric and

nanotubes; nanotube dyeing is described below.Wool fabric (1.4 g),
which had been soaked in dilute soap solution, was introduced. The
stirring rate was reduced, and the solution was heated at reflux for
15 min. The fabric was removed from the flask and exposed to air,
while still protected from light. After at least 30min of air exposure,
the fabric was rinsed in aqueous 1% aqueous HOAc solution and
allowed to dry. Second and third passes were made in the same
manner with additional fabric. The dyeings were analyzed without
any further finishing procedures.

2.5.3. Dyeing of nanotubes

A 1-dram vial was purged with N2, and carbon nanotubes
(30 mg) were introduced. The vial was placed in a water bath at
50 ± 2 �C, and a solution (2 mL) containing the leuco form of DBI,
prepared as above, was added. After 15min of stirring under N2, the
black suspension was suction filtered, washing with 3 portions of
distilled water. After 30 min of suction, the black powder was
washed with 1 mL 1% HOAc solution. The filtrates were all clear and
colorless. After 30 min of air-drying, 30 mg of black powder was
isolated.

3. Results and discussion

3.1. Form and color variations in MBI crystals

Ziderman has found that wool dyed with MBI turns from its
original violet color to blue rapidly upon immersion in water and
heating to 60 �C, and has reported that MBI itself changes color
from violet to blue after sublimation and vapor deposition [17].
Ziderman also notes the same color change upon simple heating of
MBI [18]. We have found that MBI crystals do not give a color
change upon heating to 200 �C, at which point sublimation begins
[10]. We will show below that a blue form of MBI can result from
sublimation/vapor deposition of crystals originally dark-violet in
color, and that this color change is highly dependent on the di-
mensions of the sublimation apparatus.

We have reported the single-crystal X-ray determination of
MBI's molecular structure [16]. The crystals used in that study were
obtained by recrystallization from ethyl benzoate, as described in
Section 2.4.1. We also tried to obtain suitable crystals by vacuum
sublimation/vapor deposition using standard-sized apparatus (see
Section 2.4.2), but the crystals are much too small, occurring as a
powder. However, we note that this powder is indeed blue in color.
If a small test tube is used as apparatus for sublimation at atmo-
spheric pressure (see Section 2.4.3), then the deposited crystals are
identical in color but different in form, compared to those obtained
from recrystallization. These crystals obtained by the method of
Section 2.4.3. are too small for a full single-crystal study, but large
enough to determine the cell constants (see Table 1). Finally, if the
sublimation/vapor deposition occurs inside a melting-point capil-
lary (see Section 2.4.4), then the deposited crystals are identical in
form and color to those obtained by recrystallization.

The data above show that both the color and form of vapor-
deposited MBI are highly dependent on the dimensions of the
sublimation apparatus employed. When the dimensions are large,
the resulting MBI is in the form of a blue powder. This may be the

Table 1

Single-crystal X-ray data of MBI obtained by recrystallization and vapor deposition, at various temperatures.

Entry Method T (�C) a b c b Volume # reflec. q min q max

1 recrys. �100 12.346(3) 4.6558(12) 11.607(3) 105.856(8) 641.82 1383 3.58 25.46
2 subl. �100 12.411(7) 4.713(3) 11.713(7) 105.89(3) 659.45 391 3.41 25.86
3 recrys. 22 12.3047(10) 4.6905(4) 11.7444(10) 105.636(4) 652.75 751 3.44 17.28
4 recrys. 77 12.365(4) 4.7042(17) 11.810(4) 105.005(11) 663.57 789 3.41 17.49
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form that Ziderman saw in his study [17]. When the sublimation
apparatus is a small test tube, the crystals are dark-violet in color,
but are visibly different in form from those obtained by recrystal-
lization. However, crystals obtained by sublimation in the test tube
are crystallographically identical to those obtained from recrystal-
lization, according to the cell constants listed in Table 1.

Table 1 reveals selected crystal parameters of crystals at three
different temperatures. Entry 1 shows data from our recent publi-
cation [16]. The crystal was obtained by the method of Section 2.4.1,
recrystallization. Entry 2 shows that a vapor-deposited crystal ob-
tained by the method of Section 2.4.3 has nearly identical crystal
parameters to those from entry 1, despite being different in visible
form. The crystal grown by vapor depositionwas much smaller and
therefore diffracted X-rays weakly as can be seen by the decrease in
the number of reflections used to determine the cell constants.
Determinations of the crystal from entry 1 at elevated temperatures
of 22 �C and 77 �C (entries 3 and 4) show little or no change, other
than the expected increases in cell volume and length of the cell
axis. No change in the color of the crystal could be observed upon
heating. The highest temperature at which the cell could be
reasonably determined was 77 �C, because as the temperature
increased the intensity of the reflections decreased. No change in
the molecular structure of MBI could be observed but all the re-
finements except the one of entry 1 which we have reported pre-
viously [16] were of poor quality because of the small number of
reflections with I > 2s(I) (see Table S3 in the Supplementary Data
section for additional data and discussion). The determination at
77 �C indicates that, at a temperature which causes rapid color
change of MBI-dyed wool in water, there is no significant change in
the crystal structure of the bulk dye molecule. Since MBI unad-
sorbed on fabric does not change color at this temperature, the
thermochromic effect of the dye is due to its adsorption on fabric,
and is not a property of the bulk dye.

3.2. Reflectance and colorimetric analysis of fabrics dyed with

indigo, MBI, and DBI: the thermochromic effects

3.2.1. Reflectance spectral analysis of dyed fabrics

Fig. 1 shows three multi-fabric strips dyed with either indigo,
MBI, or DBI, according to the procedure from our earlier article [10].
The dyeings were analyzed in crude form, with no after-treatment
of any kind. The vats from both the MBI and DBI dyeings were
exhausted after three passes, while with indigo, a fourth pass gave a
dyed strip that still was highly colored. With some fabrics, MBI and
DBI dyeings become more blue after each pass, which has been
noted and explained by Clark and Cooksey [13] as being due to
diminishment of dye particle-size.

The general trends in colors seen are that indigo dyes fabrics
blue-green to blue, MBI dyes blue-violet to violet, and DBI dyes
blue-violet to purple. The shades of indigo dyeings vary less

between fabrics than the shades of MBI and DBI dyeings. Several of
the fabrics from the MBI dyeing appear black to the eye; this means
that the leuco or colorless reduced form of the dye, which perme-
ates the fabric before aerial oxidation reveals the color, is very
strongly attracted to the fabric. Simply boiling the strip in water for
10 min causes marked color changes for many of the fabrics (see
Figure S26 in the Supplementary Data section). Fig. 2 shows the
reflectance spectra of wool from the multi-fabric strips of Fig. 1.
These three spectra typify the behavior of the other dyed fabrics,
where the heated and unheated curves either nearly coincide with
each other, as in Fig. 2a, or differ markedly, as in Fig. 2b and c. (The
spectra of the rest of the fabrics can be found in Figures S1eS25 in
the Supplementary Data section.) The shoulders indicated in Fig. 2b
and c are considered to be peaks of lesser intensity, which merge
with the main peaks. Thus, the shoulders can be visually extrapo-
lated to give secondary peaks, with approximate minima (lmin’ in
Fig. 2) of their own. Heating of the fabric can cause the main
minimum to disappear, as in MBI-dyed wool, or can cause the
shoulder to disappear, as in DBI-dyed wool.

Table 2 shows a summary of features seen in the reflectance
spectra of all the dyed fabrics. The reflectance lmin values of the
unheated samples vary from 530 to 660 nm. For some of the indigo-
and MBI-dyed fabrics, and for almost all of the DBI-dyed fabrics,
lmin of the main peak does not give a good idea of what the
perceived colors are. To give a more accurate representation of
color, two wavelength values for many fabrics should be tabulated,
one for the minimum and one for the shoulder; this is the case in
particular for DBI-dyed fabrics, which show shouldered peaks in
almost every case. Other studies have noted that brominated
indigoid dyeings can give reflectance spectra with shouldered
minima [9,10,13,15].

Dramatic irreversible color changes are seen inmany of the dyed
fabrics simply upon boiling in water for 10 min (see Figure S26 in
the Supplementary Data section). The color changes in the majority
of cases are not due solely to shifts in the positions of the lmin

values, but are in many cases due to the shouldering effects
mentioned above, leading to either amarked bluing or reddening of
the fabrics. DBI-dyed fabrics show the most and strongest ther-
mochromic effects, and result in reddening where there is this ef-
fect. Indigo- and MBI-dyed fabrics on the other hand, give only
bluing or graying when the thermochromic effect obtains.

The same analysis was applied to the second-pass dyeings, to
determine the effect of dilution. Also, data for the second-pass
dyeings was collected because in some of the first-pass dyeings,
the dyewas too concentrated to givemeaningful reflectance curves,
i.e. the peaks were too broad to show any features. So, where
indicated in Table 2, the second-pass data was substituted for first-
pass data. The pictures and reflectance data of the second-pass
dyeings (see Figure S26 and Table S1 in the Supplementary Data
section) show that the thermochromic effect is just as prevalent as
in the first-pass dyeings.

At similar concentrations of dye, DBI-dyed wool looks very
similar to MBI-dyed wool, and their reflectance spectra are nearly
indistinguishable; both exhibit minima at lower wavelengths, and
have shoulders at higher wavelengths. We and others have
demonstrated this previously [9,10,13]. In contrast, indigo-dyed
wool shows no shoulder on its minimum in the blue-green re-
gion of the reflectance spectrum. The reflectance minimum of
indigo-dyed wool is very near the wavelength of the shoulders of
bothMBI- and DBI-dyedwool (see Fig. 2). The similarities in spectra
of indigoid-dyed wool have led to some confusion in the literature.
Koren's recent study [15] gives a detailed analysis of the reflectance
spectra of multi-fabric strips dyed with indigo, MBI, and DBI. The
reflectance spectra in many cases show that brominated indigoid
dyeings do give peaks with shoulders, including MBI-dyed wool,

Fig. 1. First passes of multi-fabric strips dyed with indigoids; top to bottom: indigo,
MBI, DBI. Fabrics, l to r: filament acetate (diacetate), SEF (modacrylic), filament triac-
etate, bleached cotton, Creslan 61, Dacron 54, Dacron 64, Nylon 66, Orlon 75, spun silk,
polypropylene, viscose (Rayon), worsted wool.
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which gives a minimum at 533 nm and a broad shoulder in the
blue-green region of the spectrum. That this shoulder is not due to
indigo was proved by HPLC data, which showed no debromination
had taken place after dyeing. Conspicuously absent in the spectrum
of DBI-dyed wool from that study is a shoulder in the blue region.
Based on this single reported absence of a “blue” shoulder in DBI-
dyed wool, it was asserted [15] that wool dyed with DBI by
others must contain MBI, which might have arisen from photo-
debromination of the leuco-DBI. However, we have found that the
reflectance spectrum of DBI-dyed wool shows the “blue” shoulder
even when the vat is protected from light [10], and find that a
shoulder on the minimum is almost always seen, regardless of
fabric (see Table 2). Also, Cooksey and Sinclair have shown that
even when the dye vat is not protected from ambient light,
debromination does not occur on the time-scale of a dyeing
experiment [9]. The anomalous spectral feature seen in Koren's
DBI-dyed wool may arise from an inconsistent dyeing procedure.
The dyed multi-fabric strips used in Koren's study were prepared
by three of us (KR, OL, and SK) and used for analysis without our

knowledge. We had discarded the method [13] used to prepare
these samples in favor of a newer more reproducible method [9,10],
because we found the older method to give variable colors and also
led to unadsorbed dye particles on the surface of the fabric, espe-
cially in the case of DBI. Even more complicated is the case of a
dyeing which contains all three indigoids. If a significant quantity of
indigo is present, as was the case in wool dyed with Tyrian purple
from a natural origin [19,20], then the reflectance spectrum can be
highly misleading when used to characterize the components and
their relative amounts in a sample.

3.2.2. Colorimetric analysis of dyed fabrics

To put the thermochromic effect on a quantitative basis, and also
to make sure the apparent colors aren't deceiving the eye, CIELAB
values were obtained for the multi-fabric strips from Fig. 1, before
and after heating in water. Also, two three-pass dyeings e one of
wool alone, the other of silk alone ewere performed and analyzed
for the thermochromic effect. In the CIELAB color space [21], a color
is characterized by three attributes: the lightness, L*, the hue, which

(a)

(c)

(b)

Fig. 2. Reflectance spectra of (a) indigo-, (b) MBI-, and (c) DBI-dyed wool, showing the thermochromic effect.
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is given by two values, a* and b*, and the saturation, which is
indicated by the absolute values of a* and b*. The L* value varies
from 0 (black) to 100 (white), while the a* value is positive for
redness and negative for greenness, and the b* value is positive for
yellowness and negative for blueness. High absolute values of a*
and b* signify a highly saturated or vivid color, while low absolute
values of these mean a color towards gray.

3.2.2.1. Wool- and silk-alone dyeings. Because wool and silk are the
most historically significant fabrics, and they dye well with all
indigoids, three-pass dyeings of each fabric with each dye were
carried out, along with thermochromic studies of each pass. The

data are shown graphically in Fig. 3, where the hue of each dyeing,
unheated and heated, is represented by two bars. (Raw data with
standard deviations, and the third-pass data, are given in Table S2
in the Supplementary Data section.) Production of the silk dye-
ings and their reflectance spectra are described in our preliminary
report [10]. We now add colorimetric characterization of these
dyeings. Also, three three-pass wool dyeings using the standard
concentration of each dye were produced and characterized by
colorimetry, for comparison to the silk dyeings. The DEab* value [21]
is a measure of the difference between two colors, and is the
Euclidean distance between two points in the three-dimensional
color space. The formula for DEab* is the square root of the sum of

Table 2

Summary of first-pass reflectance data for 13 fabrics dyed with three indigoids each, and the directions of thermochromic effects.
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the squares of the changes in L*, a*, and b* values. Here, it measures
the change in color before and after heating. We have found that a
color change in these samples can be discerned for DEab* values as
lowas four. In cases where the standard deviation roughly equals or
is greater than DEab*, this indicates the two samples exhibited no
difference in color. Also, we found that changes in the L* value upon
heating were in most cases slight, so the color changes perceived
are primarily due to changes in hue and saturation rather than
lightness.

Heating of the indigo silk-alone dyeings resulted in partial loss
of saturation in both color components, for all three passes. The
thermochromic effect is expressed as a graying of the fabric upon
heating.

In the MBI silk-alone dyeings, the colorimetric behavior upon
dilution and heating is more complex. While the blue component
diminishes in magnitude in a regular way, both upon dilution and
heating, the a* component changes from red to green upon

dilution. In addition, the a* component is partially leveled by
heating (i.e. the heated values move towards or stay near zero). The
result in all three cases is a bluing of the fabric, most evident in the
first-pass dyeing which is the darkest and most highly saturated.

The DBI silk-alone dyeings show the greatest regularity in the
change of colorimetric values, and the most evident color changes:
Both red and blue components diminish regularly upon dilution,
with red showing more diminishment; heating causes partial loss
of the blue component in all three passes, while the red component
is increased in all three passes. The result is a marked visible
reddening of the fabrics for each pass upon heating, which is
corroborated by the reflectance spectra that show lessening of
shoulders at longer wavelengths for all three passes upon heating
[10].

Fig. 3 also presents data for wool-alone dyeings. These show the
same general trends as the silk dyeings, although to different de-
grees. The MBI dyeings show the greatest thermochromic effect,

(a)

(b)

Fig. 3. CIELAB data from the first- and second-pass (a) silk dyeings and (b) wool dyeings. Color differences (DEab*) are between the unheated fabrics (cold) and fabrics heated in
boiling water for 10 min (hot). The standard deviations (in parentheses) were estimated by plugging into the color difference formula the highest and lowest values from the
standard deviations of the L*, a*, and b* values (see Table S2 in the Supplementary Data section).
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with substantial loss of the red component upon heating. This re-
sults in a marked bluing for each pass. On the other hand, DBI
dyeings show marked loss of the blue component after heating,
while the red component remains constant. Indigo dyeings show
little or no thermochromicity at all concentrations.

3.2.2.2. Multi-fabric dyeings. The analysis of the multi-fabric strips
was problematic, as the fixed aperture of the colorimeter used was
too large for the small fabric pieces of the strip. Thus, a custom-
made smaller aperture was fashioned as described in Section
2.2.3. The data for the unheated strips (Table 3) is consistent with

that from a previous study [15]: All samples show a strong blue
component (-b*); for indigo, a* is always a small negative number;
for MBI, a* is usually positive but sometimes near zero; for DBI, a* is
always a positive number, and larger than the corresponding values
for MBI. Thus, the colorimetry data is consistent with the reflec-
tance spectra, and corroborates the visual evidence: Indigo dyes
blue-green to blue, MBI dyes blue to blue-violet, and DBI dyes blue-
violet to purple (with purple being defined as a roughly even
mixture of blue and red).

Heating of the dyed strips in water for 10 min causes slight
variable changes in L*values, while nearly all of the samples lose
saturation in the blue component regardless of fabric or dye. The
direction of the change in a* values is more variable. For indigo, the
a* values become less negative, resulting in a weaker green
component. Since both components become less saturated, the
result is a graying of the fabric in some cases, and no perceptible
change in others. For MBI, the changes in the red/green component
are variable. For the unheated fabrics with a relatively large red
component (a* > 2), heating causes a significant loss of this,
resulting in either a perceived blue color change emost notably for
wool e or a graying of the fabric.

DBI shows the most obvious thermochromic effects on fabric. In
the unheated DBI fabric samples, the red component plays a sig-
nificant part in the hue of all fabrics, unlike most of the MBI fabrics.
In some cases, it roughly equals the blue component (cotton and

Table 3

CIELAB data for the unheated and heated first-pass multi-fabric dyeings of Fig. 1.

Table 4

HPLC peak area comparison between dyes extracted from unheated and heated
fabrics.

Dye and fabric Area in micro-absorbance
units � 10�4 (s.d.)a

% diff.

Unheated Heated

MBI Wool 3423 (373) 3095 (22) 10.1%
Silk 5032 (221) 5144 (108) 2.2%

DBI Wool 122.1 (10) 127.7 (18) 4.5%
Silk 104.5 (16) 104.1 (15) 0.38%

a Average per mg of sample, from three analyses; standard deviation is in
parentheses.
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wool), or is even the dominant component (polypropylene and
rayon). Almost all of the colors can be characterized as violets or
purples of varying lightness. Heating of the DBI fabrics causes in all
cases except nylon, a lessening of the blue component. This is
accompanied by either a large gain in the red component, or
virtually no change in some cases. Loss of blue and gain in red leads
to an overall perceived reddening in seven of the thirteen fabrics,
most markedly for silk.

Taking the indigo, MBI, and DBI multi-fabric dyeings together,
the colorimetry data is mirrored by the reflectance data, which
shows changes in the relative amounts of mainly two chromogenic
species upon heating. In spite of widely varying fabric structures,
almost all of the dyed fabrics show a heat-induced color change for
at least one of the dyes. Thus, the thermochromic effect is non-

specific, showing slight or no dependence on the substrate the dye is

applied to.

3.3. HPLC analysis of extracts from unheated and heated dyed

fabrics

To determine if the thermochromic effects are due in some way
to chemical decomposition of the adsorbed dyes upon heating of
the fabric, an HPLC study was undertaken. Four of the first-pass
one-fabric dyeings were chosen for the analysis: MBI-dyed wool,
MBI-dyed silk, DBI-dyed wool, and DBI-dyed silk. Small samples of
each of these before and after heat treatment were extracted with
DMSO, as described in Section 2.2.4., and the extracts were
analyzed in triplicate by HPLC to check for loss of the dye. Table 4
shows the results. The relatively large standard deviations in
some cases may be due to uneven dye loading. The low percent
differences between the area counts before and after heat treat-
ment are within the standard deviations and indicate no detectable
chemical decomposition of the dye. Thus, the thermochromic effect

must be due to a physical change in the adsorbed dye.

3.4. TEM analysis of dyed carbon nanotubes, and explanation of the

thermochromic effect

As previously noted, some MBI-dyed fabrics turn more blue
upon heating, while DBI-dyed fabrics turn more red. In our

preliminary report [10], we proposed that the color change to blue
upon heating of MBI-dyed fabrics is due to conversion of larger dye
aggregates to smaller ones. This contention is based on changes in
particle size seen after heating MBI-dyed carbon nanotubes. One
would then predict that DBI-dyed nanotubes should show larger
dye particles after heating, since MBI and DBI show opposite
thermochromic effects on fabrics. We now show that this is the
case.

TEM analysis was first applied to the dyed fabrics themselves, in
an attempt to see the dye aggregates on fabric. But the fabric fibers
were too large relative to the miniscule aggregates, so carbon
nanotubes were envisioned as a fabric surrogate. We reasoned that,
since the thermochromic effect is general for a wide variety of
fabric molecular structures, the surface that the aggregates form on
is not an important variable and hence the nanotubes are a valid
surrogate for fabric. Thus, we vat-dyed carbon nanotubes with MBI
and DBI in the same fashion as that used for the fabrics, and were
gratified to see nanometrically sized dark (i.e. more electron-dense
than carbon alone) dots on the surface of the dyed nanotubes in the
TEM images (representative images can be found in the Supple-
mentary Data section, in Figures S28 and S29). These were found to
contain bromine by EDAX analysis, as described in the preliminary
report [10], thus we characterize them as dyemolecular aggregates.
Unfortunately, this analysis did not allow us to see any physical
features of the aggregates. Histograms of the aggregates were
generated from the images, by size analysis of the dots, as described
in Section 2.2.5. Fig. 4 shows the histogram for DBI-dyed nanotubes.
Unheated dyed tubes show particles of mostly <10 nm in size; after
heating in water for 10 min, most of the particles are significantly
larger. Takenwith the histogram of MBI-dyed nanotubes, which we
revealed in the preliminary report [10] (see Figure S30 in the
Supplementary Data section), it is strongly suggestive that changes
in size of dye aggregates can account for the thermochromic effects
and reflectance spectra of the dyed fabrics: For MBI, the initially
large aggregates, which give rise to a reflectance lmin around
530 nm, are diminished in size during heating inwater. Thus, in the
heated fabrics, the reflectance lmin now appears in the blue region
of the spectrum. For DBI, heating the fabric produces larger dye
aggregates, resulting in, for example, loss of the “blue” shoulder in
the reflectance spectrum of Fig. 2c.

Fig. 4. Histogram of DBI-dyed nanotubes.
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It is well known that the aggregation state of dye and pigment
molecules can affect their color. A classical case is the pigment
cadmium sulfide, which can appear red or yellow irrespective of its
polymorphic crystalline forms [22]. In dye chemistry, if the light
absorption of an aggregate is red-shifted relative to the monomer,
then the aggregate is of the J-type; if the aggregate's absorption is
blue-shifted, then it is of the H-type [23,24]. If the analogy between
aggregates in solution and on fabric (where the fabric plays the role
of solvent) can be drawn, then the divergent thermochromic
behavior of the brominated indigoids can be rationalized: MBI dye
molecules on fabric form J-aggregates upon heating, appearing
more blue, while DBI forms H-aggregates upon heating, appearing
more red.

The dye aggregate sizes are ultimately determined by the
number of bromine atoms the molecules contain. If single mole-
cules of dye are considered, then the bromine atoms of MBI and DBI
have only a small direct effect on the color of the molecules. This is
evidenced by the very similar lmax values of the three indigoids in
their visible absorption spectra: 615 nm for indigo, 607 for MBI, and
598 for DBI, all in methanol solution [20]. The solutions are all
shades of blue, and difficult to distinguish among, by eye. So the
direct effect of a bromine atom is an eight-to nine-nm hyp-
sochromic absorption shift (perceived color becomes nearly
imperceptibly more red). However, the presence of bromine atoms
in an indigoid has a profound effect on the aggregation state of the
dyes when the molecules become attached to a fabric. Intermo-
lecular forces of attraction between DBI molecules are enhanced
due to van der Waals attractions between bromine atoms [13].
Thus, the brominated indigoids, relative to indigo itself, naturally
form larger dye aggregates on fabrics, which appear successively
more red as bromine atoms are added to the indigoid.

The thermochromic effect can be explained in the following
way: When the leuco form of a brominated indigoid undergoes
oxidation on a fabric, a metastable dye aggregate could be the
result. In the case of MBI, the dye aggregate would be larger than
normal; for DBI, the aggregate would be smaller than normal (with
“normal” defined as thermodynamically more stable). The particle
size of the dye and hence the color of the fabric would remain
unchanged indefinitely, unless enough activation energy is sup-
plied to allow conversion of the metastable aggregate to the more
stable form. This energy can be supplied in the form of hot water,
which causes MBI particles to form their more stable smaller type,
and causes DBI particles to form their more stable larger type; the
former is demonstrated by the histogram of Figure S30 in the
Supplementary Data section, while the latter is demonstrated by
the histogram of Fig. 4 in the text. Hence, the natural (defining
“natural” as the most thermodynamically stable) color of MBI-dyed
fabrics may be more blue, while that of DBI-dyed fabrics more red,
than previously considered.

4. Conclusion

X-ray crystallographic data for MBI shows that the thermo-
chromic behavior of a wide range of dyed textiles, which have not
been subjected to any finishing procedures, is a property of the
dyeetextile combination rather than MBI itself. The spectacular
difference between the colors of DBI dyeings, vs. the colors of MBI
dyeings, on heating has been observed: DBI dyeings become more
red while MBI dyeings becomemore blue. TEM studies suggest that
the aggregation state of dye molecules is the major factor which
contributes to the observed color of the dyeings. Although Pliny,
who was writing from his armchair, does not mention the

“improvement” of shellfish purple dyeings by boiling with water, it
is possible that the effect was utilized in ancient times.
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