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A study has been made of the effects of a variety of com-
pounds on undrawn polyfethylene terephthalate ) filaments.
The results have been compare:! with those of a similar
investigation using acrylic fibres [ 6]. From the comparison,
Surther insight into the relative importance of non-polar
and other intermolecular forces in carrier-dveing has been
gained. The significance of fibre swelling in relation to rhe
dyeing properties of polyfethylene terephthalate ] fibres is
also considered.

Introduction

The basic requirement for a dyeing process to be efficient and
economical is for the diffusion of dyes in the fibre to take
place rapidly at the lowest temperature possible. The ease with
which different synthetic fibres may be dyed depends upon
the energy required to separate the polymer molecules in the
fibre, as well as other influential features related to the
molecular organization. These are adequately enumerated
elsewhere [1].

Two properties which are useful in studying the energy
involved when dyeing begins to take place at an acceptable
rate are the glass-transition temperature of the fibre (7)) and
the cohesive-energy density. The latter is usually represented
in the form of a solubility parameter (8). The T, gives an
indication of the temperature region over which the rate of
diffusion of dye into the fibre becomes significant [2]. Thus,
any lowering of the T, of the fibre in a dyebath will result in
faster diffusion of dye. Carrier-dyeing is a good example of the
practical application of chemical energy to accelerate the
speed of dyeing. The mechanism of this and similar processes
has been described in these terms [3—35].

For a greater understanding of the mechanism of the
dyeing process, the properties of those compounds which are
able to function as carriers should also be considered in
relation to their carrier activity. The solubility-parameter
concept has already been used in this connection to elucidate
the relationship between the swelling, plasticization and
dyeing of acrylic fibres [6, 7]. The theoretical arguments, from
which this concept has evolved, are based on the assumption
that only dispersion forces are responsible for the cohesive
energy between the molecules concerned. This assumption is
obviously unrealistic when considering dyes, fibres and
plasticizing agents. Consequently, use has been made of
further development of the thecry which also takes into
account the contribution to the cohesive energy density of the
various other possible forms of molecular interaction. The
simplest extension of the theory regards the solubility

parameter as a composite quantity made up from
contributions from the dispersion forces (85) and the polar
forces (5 o ) which cause molecules to associate [8].

Thus 82 =825 + 824

It is possible to obtain values for these two components for
polymers and solvents. Values have been obtained for a series
of plasticizing agents and polyacrylonitrile fibres. These values
revealed a correlation between the plasticizing activity of the
carriers and the respective components of the total solubility
parameter [6]. It was found that the plasticizing effect of the
compounds studied became larger as the respective values of
O o came closer together. This means that the plasticization of
acrylic fibres depends on the strength of the polar forces
which operate between the polymer and carrier. No
correlation could be found between the plasticizing activity
and 6D .

Previous investigations concerning poly(ethylene
terephthalate) fibres using swelling measurements [9-13] and
solubility parameters [14] have been made, but in general
they have not produced clear-cut conclusions for aqueous
systems. However, this paper describes similar results in more
detail and indicates the existence of a correlation between the
solubility parameters of poly(ethylene terephthalate) and
plasticizing agents in relation to the dyeing properties of the
fibres. Some previous results obtained for acrylic fibres are
also outlined in the discussion to emphasize the significance of
the new results reported here.

Theoretically, polymers in their amorphous state are the
most suitable for studies involving the concepts of solubility
parameter and plasticization. The use of undrawn filaments, as
reported here, is therefore a closer approach to this ideal state
than the use of drawn and heat-set poly(ethylene tereph-
thalate) filaments.

The results are presented to show

(i) whether or not swelling of the fibre influences the rate
of diffusion of dye,

(ii) why some dyebath additives are effective in accelera-
ting the rate of dyeing for chemically-different fibres
and others are not.

Experimental
MATERIALS

Dye

Dispersol Fast Orange G (ICI) (C.I. Disperse Orange 3) was
purified by extraction with hot water, followed by successive
recrystallizations from toluene, until a constant m.p. of 215°C
was obtained.

Carriers

The following BDH laboratory grade compounds were used as
carriers:
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phenol, benzyl alcohol, m-cresol, aniline, m-toluidine,
2-phenoxyethanol and dichlorobenzene. m-Cresol, aniline and
m-toluidine were redistilled before use.

Poly(ethylene terephthalate) Filaments

Poly(ethylene terephthalate) filaments, both undrawn and
drawn (draw ratio 5:1) were prepared as described elsewhere
{16]. The fitaments were allowed to fall about 2 m from the
spinneret under their own weight before being collected on the
take-up spool. The rate of takeup on the take-up spool
matched the rate of extrusion of the monofilament from the
spinneret. The diameters and densities at 25°C of the filaments,
before and after treatment in water at 95°C for 2 h, are given
in Table 1 below.

TABLE 1

Diameter and Density of Filaments Before and After
Pretreatment

Density at 25°C (g/cm?) Diameter (u) +5%

Draw ratio

Before After Before After
Undrawn 1.3550 1.36635 113.56 113.58
5:1 1.3770 1.3820 56.86 57.66

PRETREATMENT QOF FILAMENTS
Samples were treated in the appropriate solutions for 2 h at
95°C before any physical measurements or dyeing experiments
were performed. For dyeing, this enfailed treatment in a blank
dyebath. All treatments were carried out with the filaments in
a relaxed state. This was done to stabilize their structure.
Before the density determinations were made, all
filaments, whether treated or not, were dried in a vacuum oven
at 60°C for 24 h.

DETERMINATION OF DENSITY

Densities were measured in a density gradient column as
described elsewhere [16]. Carbon tetrachloride and ethanol
were used to produce the density gradient. Samples of each
filament were allowed to sink in the column. After 2 h they
had come to rest, and their position was recorded after 4 h.

DETERMINATION OF DIAMETER SWELLING
Chopped filaments (0.1 g} were treated in stoppered Quickfit
tubes containing 100 ml water, or solution of the carrier, for 2
2 hat 95°C. The treated filaments were mounted on to a
microscope slide and their diameters measured. 100
measurements were made for each sample at a magnification
of 400x . The arithmetic mean for each sample was calculated.
The results given are accurate to within £5%. The percentage
swelling is represented as the percentage change in diameter.
Results obtained demonstrated conclusively that none of
the carriers used caused significant swelling of the undrawn
filaments at any concentration. This was established for
2-phenoxyethanol, benzyl alcohol, benzylamine, nitrobenzene,
aniline, m-toluidine, benzoic acid and m-cresol. All carriers
caused swelling of the drawn filaments {33]. The results for
2-phenoxyethanol are given in Table 6. Other workers have
already examined the effect of 2-phenoxyethanol and benzyl
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alcohol on the rate of dyeing of poly(ethylene terephthalate).
Their interest was in solvent-assisted dyeing where the
concentration of solvents used is in excess of their aqueous
solubility [34]. However, the results in this paper were
obtained with carriers in solution.

DETERMINATION OF THE 7I; OF UNDRAWN FILA-
MENTS

The apparatus used has already been described in detail [9].
Each filament, contained in a vertical, thermostatted, glass col-
umn, was immersed in the appropriate solution at 95°C for 2h.
A 0.98-mg weight, attached to one end of the monofilament,
rested on a glass platform during the treatment. The other end
of the filament was secured at the top of the column. The
temperature was then reduced, over a period of 20 min, to
about 25°C, and the upper end of the filament was raised, thus
suspending it under light load. The temperature was raised to
95°C in measured steps of about 5°C, the equilibriumn length
of the filament at each temperature being recorded.

The percentage elongation was plotted as a function of
temperature and the 7, determined from the inflexion in the
plot of percentage elongation against temperature.

Examples of the results for aniline and 2-phenoxyethanol
are given in Figures 1 and 2, respectively.

With some of the carriers the change in length passed
through a maximum value at a certain temperature, once a
certain minimum concentration had been reached. With
2-phenoxyethanol, this concentration was 0.15 mol/l of
carrier. Other carriers examined which gave this effect were
benzyl alcohol [16], m-toluidine, m-cresol, phenol, and
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Figure 1 — The effect of aniline on the length of undrawn
polylethylene terephthalate) filaments
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Figure 2 — The effect of 2-phenoxyethanol on the length of
undrawn poly(ethylene terephthalate} filaments

n-amylamine. The significance of this effect is not considered
here. The effect of concentration of carrier in the fibre on the
T, is shown in Figure 3.

DETERMINATION OF THE PARTITION COEFFICIENT (K)
FOR CARRIERS BETWEEN UNDRAWN POLY{(ETHYLENE
TEREPHTHALATE) FILAMENTS AND WATER AT 95°C
The values for partition coefficient used to determine the
concentration of carrier in the filaments were obtained from
the slope of the appropriate absorption isotherm.

The amount of carrier absorbed at equilibrium by the
polyester filaments from solutions of known concentration at
95°C, using a liquor:goods ratio of 25:1, was estimated by
determining the change in concentration of carrier in the
treating solution, using a Hilger Watts Uvispeck. The concen-
tration of the carrier used was such that all the carrier
remained in solution at 95°C. The derived values for the
partition coefficients of the carriers are given in Table 2.

DYEING EXPERIMENTS
The apparatus used for the dyeing experiments was exactly the
same as that described clsewhere [32].

Preparation of the Dyebath
A dye solution containing 10 mg of dye/l of distilled water
was prepared as follows.
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Figure 3 — The effect of various carriers on the Tg of undrawn
poly{ethylene terephthalate) filaments

TABLE 2

Partition Coefficient of Carrier Distributed between Water and
Undrawn Polyester Filaments and Water at 95°C

Carrier Amax (nm) Partition
coefficient
Phenol 220 4.30
Nitrobenzene 268 27.50
m-Toluidine 283 4.48
Benzyl alcohol 257 2.24
m-Cresol 268 5.96
Benzoic acid 275 3.70
Aniline 229 2.80
Benzylamine 257 1.67
2-Phenoxyethanol 238 5.32

The necessary weight of pure dye was dissolved in about
10 ml of acetone and then added to a volume of distilled water
equal to about three-quarters of the volume of the final dye
solution. This solution was boiled to evaporate off the acetone
and then made up to the required volume. It was then filtered
through a No. 3 sintered-glass filter into the pre-heated dye
vessel. The required weight of carrier was added, and the
dyebath heated to the required temperature. The samples of
polyester yarn were then introduced. The liquor:goods ratio
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was 5000:1. After a particular sample had been dyed for the
required length of time, it was removed, immediately washed
thoroughly in hot water to remove entrained dye solution,
blotted off between filter paper and dried in a vacuum oven
for 24 h at 60°C for 24 h.

The concentration of dye in the dyebath at the start and
the end of the dyeing operation was determined spectrophoto-
metrically.

Determination of Dye on Fibre

An accurately-weighed sample (20—30 mg) of the dyeing was
extracted with 15 ml of chlorobenzene at 150°C for 10 min.
After cooling to room temperature, the extract was made up
to 25 ml with chlorobenzene and the optical density of this
solution determined at the wavelength of maximum
absorption (425 nm).

Calculation of the Diffusion Coefficient
The ditfusion coefficient (D) of the dye was determined from
the slope of the linear relationship obtained when plotting
C1/C. against t%, using the following equation [17]:
ar? C?
D= (1)
ler  C

where r = radius of the filament
t = dyeing time
C; = dye on fibre after time t
C. = dye on fibre at equilibrium

Discussion

Carriers increase the rate of dyeing by lowering the T, of
fibres, but the magnitude of the reduction of itself does not
indicate whether all carriers are equally effective molecule for
molecule, and thus the conclusions which can be drawn about
carrier activity are limited. This criticism may be made of any
investigation concerning correlation of the solubility
parameters of the carriers with the accompanying changes in
fibre swelling and dyeing properties. It can be met by
considering the effect of each carrier when present in the fibre
at the same concentration. Usually, comparisons are made on
the basis of the concentration of carrier in the solution,
regardless of differences between the partition coefticients of
the carriers.

THE INFLUENCE OF POLAR AND NON-POLAR FORCES
IN THE PLASTICIZATION OF FIBRES
When a comparison was made of the effects of carriers present,
at equimolecular concentration in the fibre, on the 7 of un-
drawn polyester filaments, it was found that the reduction in
the T, (Figure 3) was the same in each case irrespective of the
chemical nature of the carrier. This agrees with the limited
number of results published elsewhere concerning the effects
of carriers on the dyeing properties of poly(ethylene
terephthalate). Similar results are given in Table 3, where it is
shown that the diffusion coefficient of C.I. Disperse Orange 3
in undrawn poly(ethylene terephthalate) filamen.; in the
presence of carrier is the same for equimolecular concen-
trations of different carriers in the fibre.

The results obtained for the effect of carriers on the T, of
polyacrylonitrile (Figure 4) are very different from those
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TABLE 3

The Diffusion Coefficient of C.I. Disperse Orange 3 at 95°C in
Undrawn Poly(ethylene terephthalate) Filaments containing
0.5 mol/kg of Carrier

Carrier Dx 108
(¢m? /min)
Phenol 3.86
Nitrobenzene 3.74
Benzyl Alcohol 3.85
Aniline 3.90
*2-Phenoxyethanol 4.20
None 1.53

*Extrapolated from Pigure 5. the appropriate concentration of carrier
insolution being calculated from the partition coefficient given in
Table 2.

obtained on polyester filaments {6]. With the latter, the
magnitude of the effect depends upon both the quantity and
the chemical nature of the carrier in the fibre, and therefore
there must be a significant difference in the mechanism of
plasticization of these two fibres. The results for the undrawn
polyester filaments are those expected from the free-volume
theory which has already been applied to the mechanism of
carrier-dyeing [3]. The assumption that the free volume of the
carrier and fibre are additive leads to an expression which
shows that the linear relationship between the carrier content
of the fibre and the T, (Figure 3) is as expected [8]. in
addition, since the slope is the same for all the carriers
examined, the controlling influence in plasticization appears to
be independent of chemical differences between the carriers.

In contrast with acrylic fibres, the slope of the relationship
between 7, and carrier content does vary from carrier to
carrier (Figure 4), and the results have been interpreted using
the solubility-parameter concept. For those cases where only
dispersion forces are operative, the theory predicts maximum
solvation of an amorphous polymer by a solvent when the
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Figure 4 — The effect of various carriers on the T, of Acrilan
filaments [ 6]



solubility parameters (8} of both components are identical
[19.20]. It is this reasoning which has prompted other
workers [ 14,21, 22] to predict that the maximum disruption
of the fibre structure should occur when the solubility
parameters of carrier and fibre coincide. Attempts to correlate
the effect of carriers on the physical and dyeing properties of
poly{ethylene terephthalate) fibres in aqueous dyebaths have
yielded only a loose correlation. Two reasons for this state of
affairs are suggested herc. The first has been inferred already —
the attempted correlations were not made on the basis of the
effect of equimolecular concentrations of carriers in the fibre.
Secondly, the possible influence of forces,other than simple
dispersion forces on the density of cohesive energy.have not
been considered. The theoretical reasoning behind the use of
solubility parameters is based on the assumption that only
dispersion forces are operative and this is an oversimplification
for dye—fibre combinations. Although no specific functional
groups of the carrier molecules appear to be involved in the
carrier activity on poly(ethylene terephthalate} fibres
[23--25], the dipole moment of the carrier does have some
influence on the plasticization of acrylic fibres [6].
Consequently, further consideration of the possible influence
of the polar nature of the cartier is needed.

When the solubility parameters of the plasticizing
molecules are split into their non-polar (6p) and polar (84)
contributions, the situation becomes amenable to more precise
definition. This is particularly noticeable for acrylic fibres,
because the plasticizing effects of the carrier molecules
become larger as the values of § 5 for the fibre and the carrier
come closer together [6]. The plasticization of acrylic fibres,
which are highly polar, therefore depends on the strength of
the polar forces which operate between the polymer and
carrier.

However, when the corresponding resuits for the plasti-
cization of undrawn poly(ethylene terephthalate) are
examined, there is no correlation with the respective values for
Sa. The values for solubility parameter for the compounds
used with the undrawn poly(ethylene terephthalate) are given
in Table 4.

The variation in 64 (4.26--7.95) is wide and very much
wider than the variation in é,. With the exception of those for
phenol, the values of 8p range only from 8.69 to 9.53. The

TABLE 4

Solubility Parameter Values of the Carriers examined at 25°C
[cal’s cm -1% (3% em -1%2)]

reason why phenol acts as a carrier for the dyeing of
poly{ethylene terephthalate} is not clear, since the solubility
values quoted indicate that it should not do so. Although
values of solubility parameters cannot be taken as absolute
values, the variations obtained for the same compound by
different workers are usually much smaller than the
differences between those for phenol and poly(ethylene
terephthalate) quoted here. One possible source of confusion
with the results for phenol could be the influence of hydrogen
bonding or the attraction between the benzene ring and the
proton [31] on the wvalues of the solubility parameter.
However, a satisfactory explanation has not yet been
produced.

The values of 1y for most of the carriers are close to the
value of 9.54 given tor poly(ethylene terephthalate). This
appears to be the most important observation. It gives support
to an earlier suggestion [30] that non-polar forces play the
dominant role in the interaction between carriers and
poly{ethylene terephthalate). The results can also be used to
explain why equal molecular proportions of the carriers have
equal effects on the T, ot poly(ethylene terephthalate), but
not on polyacrylonitrile. In the former case the intensity of
the important dispersion forces, as reflected by the values for
&p.is similar in all cases, and the variations in 6 5 are of no
consequence.

The reverse is true for polyacrylonitrile fibres, where the
polar forces are dominant and the dispersion forces are of little
consequence in plasticization. In this case the reduction in the
T, per mol of plasticizing agent depends upon the intensity of
the polar interactions. The values for & 4 indicate that there is
a wide variation in the intensity of these interactions for the
compounds examined. Consequently, they do not affect the
T, of polyacrylonitrile equally.

These arguments also lead to the prediction that, for a
compound to show carrier activity, its total solubility
patameter does not necessarily correspond to the total
solubility parameter of the fibre. What is more important is
that for polar fibres the values of § o for fibre and plasticizer
correspond, whereas for non-polar fibres it is the respective
values of 6 that correspond.

The carrier action of benzyl alcohol with polyacrylonitrile
and with poly(ethylene terephthalate) is a good example of

Carrier ) 6p Source
ref,

Aniline 11.04 (22.60) 9.53(19.50) 5.59(11.44) 27
Benzoic acid 10.40(21.18)  9.01(18.44)  7.65(15.66) *
Benzyl alcohol 11.97 (24.22) 9.04 (18.50) 7.85 (16.06) 27
Benzylamine 10.30(21.08)  8.69(17.78)  5.35(10.95) 27
m-Cresol 11.11(22.72) 9.46(19.36) 5.85(11.98) 27
Nitrobenzene 10.62 (21.74) 9.73(19.91) 4.26 ( 8.72) 27
Phenol 14.50(29.68) 12.12(24.80) 7.95 (16.28) 26
2-Phenoxyethanol 9.87(20.19) 8.73(17.86) 4.52 ( 9.25) 27
Poly(ethylene

terephthalate) 10.70 (21.90) 9.54 (19.52) 4.80( 9.82) 28

*Calculated according to [19] and [29]
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TABLE 5

Values for Solubility Parameter of Fibres and Benzyl Alcohol
[calz cm 1% (J% cm -1%2)]

5 5p
Benzy! alcohol 11.97(24.22)  9.04 (18.50)
Polyacrylonitrile 15.40(31.52) 12.96(26.53)
Poly(ethylene terephthalate} 10.70 (21.90) 9.54 (19.52)

the better understanding which these conclusions give.

In Table 5, the solubility parameters for the two fibres and
benzyl alcohol are given.

Benzyl alcohol exhibits carrier activity with both
pol(ethylene terephthalate) and acrylic fibres in solvent-
assisted dyeing [4], but the different total solubility
parameter values for this solvent and polyacrylonitrile suggests
that no carrier activity should be expected. The values for
poly(ethylene terephthalate) and benzyl alcohol, however, are
close enough to predict that benzyl alcohol will act as a carrier
for poly(ethylene terephthalate). This seeming contradition
may be explained on the basis of the data in Table 5.

The value of & 5 for benzyl alcohol (7.85) is very close to
that for polyacrylonitrile (8.32), and since polar forces govern
the plasticization of acrylic fibres, carrier action results. 1t
does not matter that the values for §p are very differeent,
because dispersion forces are not the controlling influence.
Conversely, dispersion forces are dominant in the
plasticization of the polyester fibres, which is non-polar, and
the carrier action of benzyl alcohol is consistent with the
values for 8p of polyester fibre {9.54) and benzyl alcohol
(5.04). In this case it does not matter that the values for 6 5

are very different.

FIBRE SWELLING AND DYEING

It is customary to assume that fibre swelling is related directly
to the ease with which dyeing can take place. The swelling of
the poly(ethylene terephthalate) filaments in the carrier
solutions examined in this investigation was dependent upon
the draw ratio. Surprisingly, there was very little significant
swelling of the undrawn fibres, but with the drawn fibres
significant swelling occurred. The results obtained using
2-phenoxyethanol as carrier are given in Table 6.

When these results are compared with those illustrated in
Figure 5, which shows the effect of carrier on the rate of
diffusion of C.1. Disperse Orange 3 into polyester filaments, it
is surprising to find that, although increases in carrier

TABLE 6

54 Source
ref.

7.85(16.06) 27
8.32(17.02) 6
4.80( 9.82) 28

100

() undrawn tilaments

@ filaments of draw ratio 5:1
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Carrier in solution, mol I'*

Figure 5 — The effect of 2-phenoxyethanol on the diffusion
coefficient of CI Disperse Orange 3 into polyfethylenc
terephthalate) filaments

concentration result in a large increase in the diffusion
coefficient of the dye in the undrawn fibre, there is no
significant fibre swelling. For the highly-drawn fibre, the

Values for the Swelling of Drawn and Undrawn Poly(ethylene terephthalate)

using 2-Phenoxyethanol as Carrier

Concn of Carrier % Diameter Swelling % Diameter Swelling

{mol/1) (undrawn) (draw ratio 5:1)
0.0 0.00 0
0.05 0.02 24
0.10 0 3.4
0.20 0 8.4
0.30 34 8.8
0.40 11.5
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diffusion coefficients are lower, as expected, but there is
significant fibre swelling. More detailed examination of the
effects of carriers on drawn polyester is the subject of a
separate investigation [33].

Evidence showing that increased swelling and increased
dyeability are not necessarily related is also obtained with
polyacrylonitrile because those carriers with the greatest
plasticizing efficiency have the minimum effect on the fibre
swelling [6]. Relationships between fibre swelling and dyeing
are therefore more complicated than is generally realised.

With both the undrawn and drawn fibres examined here, as
well as with polyacrylonitrile fibres, the increased rate of
diffusion of dye is related to plasticization of the fibre rather
than to fibre swelling.

Conclusions
The conclusions which can be drawn from these results may
therefore be presented as follows:

(i} The swelling of poly(ethylene terephthalate) filaments
caused by carriers is affected by their draw ratio.

(i) An increase in the rate of dyeing caused by a carrier is
not necessarily accompanied by fibre swelling.

(iii) The action of carriers on poly(ethylene terephthalate)
is governed by dispersion forces.

(iv) Carrier activity does not necessarily imply a similarity
between the total solubility parameters of the fibre
and the carrier. The intensity of the important
cohesive forces operating in the plasticization
mechanism is the governing factor. For polyester this
implies similarity between the values of 8y, for the
fibre and the carrier, and the similarity, implied for
polyacrylonitrile and the carriers, is hetween the values
of 5A'

(v) Benzyl alcohol acts as a carrier for poly(ethylene
terephthalate) and polyacrylonitrile. This is because
with poly(ethylene terephthalate) the contribution of
the dispersion forces to its cohesive energy density
matches the intensity of the polar forces.
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