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ABSTRACT: Although examined for years, interactions be-
tween direct dyes and the chemical structure of cotton cellu-
lose remain an interesting, and still not entirely known, chemi-
cal phenomenon occurring in the fiber. Ten model azo dyes
have been studied in aqueous solution, as dye powders and
on cotton fabric using °C MAS NMR and UV-visible spec-
troscopy. NMR spectroscopy indicates that model azo dyes,
especially dye 8, interact by n-stacking at the central biphenyl

group, and that there is hydrogen bonding with cellulose.
Model azo dyes are present as the azo or hydrazone tautomer.
The UV-visible An.x indicate that shifts are attributed to
adsorption of model azo dyes into cellulose surfaces. © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 104: 758-766, 2007

Key words: NMR; UV-visible; dyes/pigments; cotton fibers;
microstructure

INTRODUCTION

Cotton is a hydrophilic natural cellulose fiber whose
porous structure facilitates the penetration of various
solutes, including organic dyes. As a cellulose-based
polymer, it consists of D-glucose units joined by B-1,4-
glycosidic linkages, and it is well known that the cel-
lulose chains associate with one another via intermo-
lecular hydrogen bonds. The resultant system of poly-
mer chains coalesces to form microfibrils that are
organized into macrofibrils and subsequently into
fibers, Lewin and Pearse.! In the solid state, it has at
least four distinct polymorphic forms, the most com-
mon of which are called cellulose I and cellulose II,
Bikales and Segal.”

Based on results from '*C MAS NMR spectroscopy
on several native cellulose materials, Van der Hart
et al. discovered (Atalla and VanderHart,® VanderHart
and Atalla*®) that the ordered region of native cellu-
lose is a mixture of two crystalline modifications, cellu-
lose I, and cellulose Ig. Cellulose I, is believed to be the
dominant form in bacterial and algal cellulose, while
cellulose I predominates in higher plants such as cot-
ton and ramie (Atalla and VanderHart,> VanderHart
and Atalla*’). The °C MAS NMR spectrum of pure
cellulose is characteristic of a completely amorphous
material, Atalla et al.,® and shows four well-separated
peaks, which can be attributed to the corresponding
structural elements, Radloff et al.”: 104.6 ppm, Cy;
83.9 ppm, Cy; 74.5 ppm, Cy35 62.2 ppm, Cq. Other
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authors, Sun et al.,® Love et al.? describe these chemical
shifts in a slightly different way, distinguishing, Ade-
bajo and Frost'’: 105.3 ppm (C; of cellulose); 89.5 ppm
(C4 of crystal cellulose); 83.2 ppm (C4 of amorphous
cellulose); 74.7 ppm (Cy, 3, 5 linked polysaccharides)
and 62.1 ppm (Cg of crystal-surface cellulose).

NMR spectroscopy is typically used for separate
analyses of dyes (Viscardi et al,'' Wiench et al.,'?
Voss,' Lycka et a1.14), dyes solutions, Abbott et al.’®
or cotton, textiles or modified polymers based on cel-
lulose mixtures, (Hirai et al.,'® Colletti and Mathias,'”
Princi et al.,'® Chanzy et al.,'® Larsson et al.,*° Dudly
et al.,?! Lennholm et al.,?*> Randloff et al.”’ Adebajo
and Frost'?).

Spectroscopic studies of the intermolecular interac-
tions of azo dyes in solution and in cellulose were
described (Abbott et al.,'> Abbott et al.,*® Batchelor
and Oakes,?* Abbott et al., > %" Yamaki et al.zs). They
report NMR, resonance Raman, IR, and UV-visible
spectroscopic studies of dyes in solution and in cellu-
lose. For example, NMR spectra from solution sam-
ples provide information on tautomer forms, hydro-
gen bonding, and deuterium exchange, Abbott et al."

The crystal structure of the native cellulose has
been continuously investigated by solid-state NMR
spectroscopic analysis. But, there have been few
attempts to explain how dyes interact with cellulose.

EXPERIMENTAL

The model direct dyes were synthesized at North Car-
olina State University at Raleigh, USA, Bae and Free-
man.”® A 1% dyeing (owf) was carried out under neu-
tral conditions at a 60 : 1 liquor ratio. A sample of cot-
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ton fabric (0.5 g) was wetted out with hot water and
added to a dyebath (30 mL) at 60°C. The bath temper-
ature was raised to 95°C and held there for 30 min. Af-
ter adding Na,SO;, (0.05 g), dyeing was continued for
30 min. The dyed fabric was then rinsed with cold
water and air-dried.

The cotton samples were also treated with acidic
and alkaline artificial sweat, its contents defined by
the “Textiles — Tests for color fastness — Part E04:
Color fastness to perspiration” standard.

Cotton samples were also treated with old, thermal,
and effort artificial sweats, Gudewill.>°

The samples of cotton, dyed cotton fabric and dye
powders were examined with a Bruker 400 MHz spec-
trometer. The samples were centrifuged at 8 kHz.

Spectra of dyes aqueous solutions (10~> mol L™
aqueous solutions of the dye) and dyed cotton fabric
were taken using a UV-ViS spectrophotometer, model
U-2001 HITACHI with the following parameters:
range 300-800nm, scanning rate 100 nm/min.

The structures of the model dyes are presented in
Figure 1.

RESULTS AND DISCUSSION

Azo dyes, in general, are well known to form dimers
or higher aggregates at high concentration in solution,
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Figure 1 Structure of the dyes selected for examination.

Murakamei,®! because of the presence of dye-dye
intermolecular interactions.

Direct dyeing is a complicated and very little under-
stood process, although it seems very simple in terms
of applications.

Direct dyes aggregate to larger compounds. Aggre-
gation is promoted by a high ratio of relative molecu-
lar mass to ionic group content, Shore.*? The direct
dyes aggregate more readily than most of the other
classes of water-soluble dyes. Solutions contain a mix-
ture of aggregates of various sizes in dynamic equilib-
rium. Individual ions, dimers, or trimers are removed
by adsorption onto the fiber surface during dyeing,
and larger aggregates break down to maintain a simi-
lar overall distribution of aggregate sizes. The extent
of aggregation of a direct dye decreases with increas-
ing temperature and increases with increasing con-
centration of added electrolyte or of the dye itself. The
degree of aggregation is often negligible under normal
dyeing conditions at the boil even in the presence of
an electrolyte, Shore.>>

The relative tendencies to aggregate depend on dif-
ferent dye structures. For example, under given condi-
tions of temperature and electrolyte concentration,
model direct dye 8 (Fig. 1) is much more highly aggre-
gated than other dyes 1, 2, 3, 4, 7 (Fig. 1). Perhaps dye
8 aggregates more because it has fewer SO; groups,
and these are arranged in such a way that the planar
central region of the molecule is subject to less steric
bulk than in the other dyes.

All of the dyes are disulphonated disazo dyes, but
presumably the two phenolic groups and the hydro-
gen in dye 8 provide much greater scope for intermo-
lecular hydrogen bonding.

In particular, it is important to understand the struc-
tural factors that determine the nature of dye—-dye inter-
molecular interactions, and how they may be affected
by interactions with the molecular surfaces of cellulose,
Abbott et al.*® Cellulose provides a microporous me-
dium consisting of polysacharide chains arranged into
crystalline and amorphous regions with pores of ~ 1-
3 nm dimension where binding occurs, Krassing.”
However, relatively little is known about the structure
of the amorphous phase or the behavior of the cellulose
molecules with the nanopores, Frantz et al.>*

But, in contrast to the wool fiber, cellulose does not
contain ionic sites, and as such is not able to fix dyes
through respective Coulomb forces.

As a consequence, direct dyeing of cotton requires
specific structural features of the dye molecules,
resulting in an overall affinity for the cellulose fiber
that is called substantivity, Schiiiirmann and Funar-
Timofei.*”

One of the parameters that examine the substantiv-
ity is the degree of dyes exhaution E;.

Our experiments, Pielesz et al.*® indicate that the
degree of dyes exhaution is Ex = 69% for the cotton

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Assignments for >*C MAS NMR Chemical Shifts
Chemical shifts (ppm)

Sample Cl Cl amorph C4 C4 amorph=surf C2, 3,5 C6 C6 surf
SB 105.4 104.6 88.7 83.9 74.7;71.7 65.1 62.1
1B 105.6 104.2 88.8 83.9 74.9;72.2; 71.5 65.1 62.1
2B 105.1 104.2 88.7 83.7 74.8; 71.5 65.2 62.1
3B 106.2 104.9 89.4 84.6 75.5;,72.9;72.2 65.8 63.0
4B 106.2 104.9 89.4 84.9 75.5;72.9; 722 65.8 63.6
7B 105.7 104.3 88.8 84.1 74.9;72.2; 71.5 65.2 63
8B 106.8 105.2 89.9 85.1 75.9; 73,5, 724 66.1 63.9

SB, undyed cotton cellulose; 1B, 2B, 3B, 4B, 7B, 8B: cotton cellulose dyed with dye 1,2,3,4,7,8.

dyed with dye 8, and it is greater than the value for
the remaining dyes. It means about a successful
uptake from aqueous solution and stable fixation of
model dye 8 in the cotton fiber.

To analyze the interactions between model direct
dyes and cotton cellulose, raw, undyed cotton fabric
was compared with its dyed equivalents. Table I
shows the basic values of chemical shifts for cotton
and the dyes selected (if the values obtained for the
latter occur in the region of band interference).

At first look, it can be said that the spectra of dyed
cotton and raw cotton in Figure 2 and Table I do not
differ. One thing worth noting is the region attributed
to the atoms of C;, 5 5, Cy, and C4 of polysaccharides.
Here, all the selected model dyes also reveal more or
less intense bands.

One of the reasons that makes the analysis of the
solid-state NMR spectrum of the native cellulose con-
fusing is that the native cellulose always appears as a
composite of I, and Ig allomorphs and noncrystalline
regions, Atalla and VanderHart,> VanderHart and
Atalla.* The completely pure I, and Iy cellulose have
not been obtained from any species of plants and ani-
mals. All native celluloses contain crystalline and non-
crystalline phases, Atalla and VanderHart,*” and the
structure of cellulose microfibrils is not well under-
stood at the molecular level and is still the subject of
controversy, Sakellariou et al.,*® Lasage et al.* CP/
MAS "*C NMR spectra of Cladophora cellulose (I,-rich)
and that of cellulose after the annealing treatment (Ig-
rich) are, respectively, the almost pure I, and I cellu-
loses, Komo et al.*°

For the assignment of the '°C signal of cellulose in
the solid state, Bardet et al.*' applied 2D NMR tech-
nique to '*C-enriched wood chips from aspen grown
under a 20% '*CO, atmosphere and observed the two
broad signals around 76 and 74 ppm in the region of
signals corresponding to C,, Cs, and Cs.

The same signals, especially for cotton dyed with
model dye 8 (75.9 and 72.4 ppm) and model dyes 3
and 4 (75.5 and 72.2 ppm) were observed (Table I and
Fig. 2).

Journal of Applied Polymer Science DOI 10.1002/app

The '*C NMR behavior of C, in cellulose is particu-
larly divergent from theoretical predictions, Koch
et al.,**> Wilson et al.*® Differences in the chemical
environment of C4 must be due to noncovalent effect,
either intramolecular (conformation) or intermolecu-
lar (chain packing which in cellulose means intermo-
lecular hydrogen bonding), Viétor et al.** Intermolec-
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T T T T
130 120 110 100 G 80 10 1] 30 40

T T T T T T

ppm

Figure 2 '>C MAS NMR spectra of: (a) undyed cotton cel-
lulose-SB; (b) cotton cellulose dyed with dye 8-8B.
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Figure 3 'C MAS NMR spectra of 10 model direct dyes.

ular hydrogen bonding could affect the C4 chemical
shift indirectly by locking the rotation of O,, O3, or Cs
and altering their stereoelectronic interactions with
C,, Viétor et al.**

When comparing undyed and dyed (with model
dyes 3, 4 and 8) cotton, one should note the changes
within chemical shift around C4 and C¢ (for example
66.1 ppm for the cotton dyed with dye 8) (Table I).
The biggest changes can be observed around C,

described as amorphous, Larson et al.** or C, of crystal-

surface cellulose, Love et al.” In particular, using dye
8 results in a substantial change of the chemical shift
value (Table I).

Azo dyes in which the azo group is conjugated with
a hydroxyl group can exhibit azo-hydrazone tautom-
erism, Lycka et al.** Dyes that occur as the azo tauto-
mer show a ">C NMR resonance at ~ 156 ppm from
carbon attached to the hydoxyl group, whereas those

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 (Continued from the previous page)

that occur as the hydrazone tautomer show a reso-
nance at ~180 ppm for the same carbon atom within a
carbonyl group. Dyes that occur as both tautomers
show a single resonance between these limits, because
of rapid tautomerisation, with the position deter-
mined by the relative concentration of the two tauto-
mers, Cross et al.*® The '*C NMR and 'H NMR spectra
of the two tautomers from DMF, DMSO, and D,O
samples of Direct Blue 1 are presented by Abbott
etal.'>®

The '*C MAS NMR spectra of 10 model dyes com-
plement, a full spectral characteristic of model direct
dyes are presented (Fig. 3 and Table II).

We recently reported IR and resonance Raman
spectroscopic studies of the model direct dyes in the

Journal of Applied Polymer Science DOI 10.1002/app

microporous cellulose environments of cotton, Pielesz
et al.*’*® The studies revealed aspects of the intramo-
lecular hydrogen-bonding interactions with the mono-
mer (probably a hydrazone tautomer in the environ-
ments) and of the intermolecular interactions between
the monomer and cellulose molecules.

The article, Pielesz et al.*® attempts to provide a
general answer to the question of how model direct
dyes interact with the structure of cellulose. For
assessing the interactions between model direct dyes
and cotton cellulose, the 1D FTR and 2D FTR were
chosen. To this end, synchronic and asynchronic 2D
maps for FTR spectra were constructed. In a syn-
chronic map, bands with 1100 cm ' and 1125 cm ™'
wave numbers are responsible for the interaction of
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Figure 3 (Continued from the previous page)

model dyes with COC groups or CC rings (at 1125 cm™")
in cotton. Information obtained through analyzing
synchronic maps is confirmed by the analysis of
bands generated in asynchronic maps.

The article, Pielesz et al.¥’ pertains to the use of FT-
Raman spectroscopy to determine the places at which
model direct dyes interact with cotton-cellulose. In
addition to finding direct dye-cellulose interactions
involving hydroxyl groups in the host fiber, it is
postulated that intermolecular interactions exist
between dye molecules and glycosidic groups. The
usefulness of the conventional FTIR spectroscopy for
analyzing dyed cotton has been shown, and results
from this method are compared with data from the
more popular DRIFT method.

TABLE II
13C NMR Chemical Shifts (ppm) of Same
Model Azo Dyes

Chemical
shifts (ppm)

g
~<
)

177.9, -, 70.9
176.5, 155.8, 70.8
179.7, -, 70.9
176.4, -, 70.4
1799, -, 714
179.8, -, 71.2
176.4, -, 75.3; 71.3
1759, -, 69.5
177.0, -, 70.9
176.4, 155.3, 69.8

OO WU WN =

=

1-10, azo dyes.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
UV-Visible Absorption Band Position of 10 Model Azo Dyes in Aqueous Solution and Cotton
and Cotton Dyed and Treated with Artificial Sweats

Amax for aqueous dye solution and Anax for dyed cotton fabric sweats treatment

Dye Dye (nm) Cotton (nm) Alkaline (nm) Acidic (nm) Old (nm) Effort (nm) Thermal (nm)
1 514 547 551 545 568 548 548
2 550 571 571 570 545 572 572
3 582 585 584 584 585 586 586
4 557 598 600 603 594 603 593
5 585 598 599 602 595 603 594
6 574 605 605 606 610 608 607
7 530 561 561 561 561 563 561
8 569 580 583 582 581 581 580
9 537 571 571 571 573 572 572

10 572 604 604 604 614 604 604

1-10, azo dyes.

The spectra in aqueous solutions show a strong visi-
ble bands (Table III, Figs. 4 and 5), which give the
intense blue, purple, or violet color of the dyes, and a
weaker UV bands at ~ 320 nm. The profile of the visi-
ble bands is sensitive to environment (for example in
Figs. 6 and 7): in water solutions, the main peak is at
~ 514 nm with a shoulder at ~ 547 nm and in cotton,
the peak occurs at 547 nm (Fig. 6). Also, for model dye
8 (Fig. 7) in water solutions, the main peak is at ~ 569 nm
with a shoulder at ~ 658 nm, and in cotton, the peak
occurs at 580 nm.

Cotton samples were also treated with artificial
sweats. Measurements were taken for dyed cotton tex-
tiles as well as for a dyed textile that was subjected to
the influence of various solutions of artificial sweats
(alkaline, acidic, old sweat, thermal sweat, and effort
sweat). The highest absorbance values, which do not
change when fibers are treated with artificial sweats,
were obtained for dyeing with model dye 8 (Fig. 7).
The UV-visible spectrum of model dye 8 in cotton
treated with artificial sweats showed no changes with
different sweats pH. The red-shift in the absorption
maximum of dye 8 observed on going from solution
to cotton shows similar changes as in Abbott et al.*® Tt
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01
085

350
wavalongith /am

Figure 4 UV-visible spectra of model direct dyes: 1, 2, 3,
4, 5.

Journal of Applied Polymer Science DOI 10.1002/app

may be attributed to a change in the energy of either
to ground and/or to the excited electronic state, prob-
ably arising from a small change in the structure of
the dye on surface deposition, Abbott et al.*® The gen-
eral shift in the UV-visible band positions with me-
dium can be interpreted in terms of increasing polar-
ity from cotton (¢ =~ 5) to water (¢ = 80) that model
dyes are more polar in the ground state than in the
excited state, Abbott et al.?”

Other effect will also influence the UV-visible spec-
tra of model dyes. For example, specific intermolecu-
lar interactions with the medium, including hydro-
gen-bonding (evidenced by FTIR and FTR spectra),
Pielesz et al.*’*®

Other effect may include structural changes with
the dyes that arise from surface adsorption, consistent
with interpretation of the 13C NMR data (Table I).
This interpretation is consistent with the molecular
structure of model dyes, the central biphenyl gives a
characteristic red-shift on going from a twisted con-
formation in solution to a more planar form in the
solid, Abbott et al.?

0.5 4

0,45 4

Abgorbance
=]
£

0,05

] u
500 550 SO0

Wavelength /nm

T I
6350 700 730

Figure 5 UV-visible spectra of model direct dyes: 6, 7, 8,
9, 10.
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Analyzing the dye—cotton cellulose interactions is
difficult. A combinaton of Raman, IR and UV-visible
spectroscopies has been wused earlier, (Pielesz
et al.?***) to deduce the molecular interactions of
model direct dyes in cotton cellulose.

CONCLUSIONS

In general, cotton cellulose may interact with a guest
molecule in several ways, including specific dipole—
dipole and hydrogen bonding interactions. All of the
dyes possess an extended planar m-electron system,
which is a determining factor for dye—fiber interaction
via van der Waals forces. These dyes have sulfonic
acid groups, which enhance their solubility in water;
electrostatic interactions may also be relevant. From
the spectroscopic point of view, model dyes are azo-
dyes, with high absorptivity, which can undergo sol-
vatochromic shifts depending on the dye-solvent
interactions.

Issues for further discussion put forward in this
work include a preliminary evaluation of the useful-
ness of >C MAS NMR spectroscopy for analyzing
subtle structural changes in cotton cellulose. Since the
process of dyeing cotton with direct dyes in usually
explained as dye adsorption on fiber surface, such
changes of the profile of '>*C MAS NMR spectra are
hard to interpret in detail.

It seems that employing analyses of two-dimen-
sional NMR spectra and advanced statistic processing
may, in the future, help to explain better this phenom-

1.4 4

Abzorbance
-
£y

L
-
L

0.2 -

Wavelength /nm

Figure 6 UV-visible spectra of: 1F, model direct dye 1
(aqueous dye solution); 1B, cotton cellulose dyed with dye
1; 1BO, cotton dyed with dye 1 and treated with old sweat
(pH = 9.0); 1BT, cotton dyed with dye 1 and treated with
thermal sweat (pH = 8.0); 1BE, cotton dyed with dye 1
and treated with effort sweat (pH = 6.5); 1BK, cotton dyed
with dye 1 and treated with acidic sweat (pH = 5.5); 1BA,
cotton dyed with dye 1 and treated with alkaline sweat
(pH = 8.0).

—EB
—3F
— 8BO
— BT
— SBA
— ¥BK

Abserbance

LG e T T T ¥

k1] 400 S00 600 T00
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Figure 7 UV-visible spectra of: 8F, model direct dye 8
(aqueous dye solution); 8B, cotton cellulose dyed with dye
8; 8BO, cotton dyed with dye 8 and treated with old sweat
(pH = 9.0); 8BT, cotton dyed with dye 8 and treated with
thermal sweat (pH = 8.0); 8BE, cotton dyed with dye 8
and treated with effort sweat (pH = 6.5); 8BK, cotton dyed
with dye 8 and treated with acidic sweat (pH = 5.5); 8BA,
cotton dyed with dye 8 and treated with alkaline sweat
(pH = 8.0).

enon, which has been examined for years but still
remains not fully understood.

The author thanks Prof. I. Wawer and Dr. Katarzyna Para-
dowska for the possibility of NMR analysis in Medical
University of Warsaw.
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