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Synopsis

The effect of various organic compounds on the birefringence equilibrium shrinkage and swelling
of poly(ethylene terephthalate) filaments was studied. Evidence is presented that suggests the carrier
action of the compounds is dominated by dispersion forces and that interaction between dye and
the carrier in the fiber has been detected.

INTRODUCTION

It is convenient to divide the various explanations proposed to the mechanism
of “carrier” dyeing!-% into two groups. One group deals with the explanations
concerning the effect of the carriers on the fiber structure and the other, with
those in which the possible interaction between the dyes and the carriers are
considered.

Recent investigations concerned specifically with the effect of “carriers” on
the kinetics of dyeing of poly(ethylene terephthalate) and polyacrylonitrile
substrates®7 have emphasized the importance of the plasticizing action of car-
riers. A comparison of the respective solubility parameters of the fiber and
dyebath additives is one way of anticipating when a compound will plasticize
fibers and cause the associated changes in their physical properties.® For suc-
cessful application of the solubility parameter concept account must be taken
of the different intermolecular forces that contribute to the total cohesive energy
density, from which the solubility parameter values are computed. When the
appropriate results are interpreted in this way it is possible to show that polar
forces are dominant in the plasticization of acrylic fibers.8 More recently,® results
have been produced that uphold the view that dispersion forces play a dominant
role in the carrier dyeing of poly(ethylene terephthalate) fibers.l® The work
reported here provides further support for this suggestion.

Carriers also affect the equilibrium uptake of dyes. The effects have been
considered before and related to the increased solubility of the dye in the dyebath
phase caused by the presence of carriers.2? This knowledge is extended here

to demonstrate evidence of interaction between the carrier and dye in the
fiber.
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EXPERIMENTAL

Materials
Dyes

CI Disperse Orange 3. The commercial dye powder was purified by ex-
tracting several times with hot water to remove water-soluble diluents, followed
by successive recrystallizations from toluene until a constant melting point of
215°C was obtained.

Other dyes were supplied in a chromatographically pure form as follows:
4-aminoazobenzene, with a melting point of 127°C, was supplied by BDH;
4-hydroxyazobenzene, with a melting point of 156°C, was supplied by Aldrich
Chemicals; azobenzene, with a melting point of 71°C, was supplied by BDH.

Carriers

The following BDH laboratory reagent-grade compounds were used as carriers:
phenol, benzyl alcohol, m-cresol, aniline, and dichlorobenzene. The following
laboratory reagent-grade compounds were supplied by Messrs Fisons Ltd.:
nitrobenzene, m-toluidine, benzylamine, n-amyl alcohol, benzoic acid, and n-
amylamine. m-Cresol, aniline, and toluidine were redistilled before use.

The values of the solubility parameters taken when comparing the activity
of the different carriers are given in Table I. The contribution of the association
solubility parameter 64 and the dispersion solubility parameter 851° to the total
solubility parameter § are taken from the reference sources indicated. The
presence of carrier caused swelling of the drawn (Fig. 2) but not the undrawn
filaments.

TABLE 1
Solubility Parameter Values
Compound 8 op 8a Reference

Aniline 11.04 9.53 5.59 11
Benzoic acid 10.40 9.01 7.65 b

Benzyl alcohol 11.97 9.04 7.85 11
Benzylamine 10.30 8.69 5.53 11
o-Dichlorobenzene 9.98 9.43 2.95 11
m-Cresol 11.11 9.46 5.85 i1
Nitrobenzene 10.62 9.73 4.26 11
Phenol 14.50 12.12 7.95 12
m-~Toluidine 10.70 9.09 5.65 11
2-Phenoxyethanol 9.87 8.73 4.52 11
Poly(ethylene terephthalate) 10.70 9.54 4.80 13

2 All in units of cal®% cm~15,
b Calculated according to references 14 and 15.
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Birefringence

The birefringence was measured using a Vickers interference microscope
coupled with a Senormont compensator.1? Filament samples were cut at 45°
to the main axis in a brass block constructed for the purpose. The oblique edge
was mounted in tritolyl phosphate and the birefringence measured using the
“wedge method.”18 Carriers caused a significant change in the birefringence
of the drawn (Fig. 3) but not the undrawn filaments. The birefringence value
for the latter was very low (0.004).

Equilibrium Shrinkage

Shrinkage of the filaments occurs when they are pretreated in a relaxed state.
The magnitude of the shrinkage depends upon the draw ratio of the filament
and on the temperature and the concentration of carrier in solution. The values
presented are those observed when the rate of shrinkage became too small to be
measured accurately. The measurements were carried out in the apparatus
described elsewhere,19 which has also been used in recent investigations con-
cerning acrylic fibers.6:8

Dyeing Experiments

The apparatus used is described elsewhere.28

Diffusion Coefficient of the Dyes

Preparation of the Dyebath. Sufficient dye to give a dyebath concentration
of 10 mg/1. was weighed and dissolved in a small volume of acetone. Sufficient
water to occupy about 75% of the total dyebath volume was heated to 50°C and
the dye solution added. After driving off the acetone by boiling the aqueous
solution, water was added to bulk up the dyebath to the required volume. The
solution was filered through a No. 3 sintered glass crucible into the preheated
dyebath vessel. Carrier was added at this stage. When the dyebath reached
the required temperature the samples of polyester filament were inserted. The
total liquor-to-goods ratio was about 5000:1. Samples were removed after the
requisite time, dried, and the dye extracted using chlorobenzene. The optical
density of the extract was determined using a spectrophotometer.

Calculation of the Diffusion Coefficient of the Dyes. The slope of the

TABLE II
Partition Coefficient for Carriers Between Water and Poly(ethylene Terephthalate) Filaments
of Draw Ratio 5:1 at 95°C

Carrier Partition coefficient
Benzoic acid 2.03
Benzyl alcohol 1.57
Benzylamine 1.30
m-Cresol 3.52
Nitrobenzene 17.51
Phenol 2.06
m-Toluidine 3.38

2-Phenoxy ethanol 1.65
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Fig. 1. Effect of carriers on density of poly(ethylene terephthalate) filaments (D.R. 5:1): (m)
m-cresol; (O) phenol; (¥) benzyl alcohol.

linear plot of C;/C. against t/2 was measured and the diffusion coefficient D
calculated according to the equation below?2:

D= (e’

where r = radius of the filament, t = dyeing time, C; = dye on fiber at time ¢, and
C. = dye on fiber at equilibrium.
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Fig. 2. Effect of carriers on diameter of poly(ethylene terephthalate) filaments (D.R. 5:1): (0)
phenol; (3) m-toluidine; (M) m-cresol; (+) benzoic acid; (®) nitrobenzene; (X) benzylamine; (A)
benzyl alcohol.
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Partition Coefficient of the Carriers

Calculations of the concentration of the carrier in the filaments were carried
out using the experimentally determined values of their partition coefficients.
The experimental methods used are described elsewhere.2 The values obtained
for the drawn filaments are given in Table II.

RESULTS AND DISCUSSION

Effect of Carriers on the Physical Properties of PET Filaments

One effect caused by carriers that is important for dyeing is a reduction in the
T, of the fiber in the dyebath. The relationship between the T of the fiber and
dyeing properties has been described elsewhere,58 but in addition other associ-
ated effects can be interpreted in a way which expands further the understanding
of the mechanism of carrier dyeing.

It is well known that some organic solvents or water will induce crystallization
of amorphous poly(ethylene terephthalate),21-23 and the same is true for carriers.
The density of filaments of draw ratio 5:1 treated in aqueous solutions of carrier
increases with increasing concentration of carrier, but significant changes in
density are not apparent once the concentration of carrier has reached a certain
level (Fig. 1), indicating that the crystallization is completed. The density of
the undrawn filaments is initially lower than that of the drawn; and when benzyl
alcohol was used as a carrier, the density increased with increasing concentration
of carrier over the entire concentration range examined.2* Further differences
between the drawn and undrawn filaments are that the undrawn fiber does not
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Fig. 3. Effect of carriers on birefringence of poly(ethylene terephthalate) filaments (D.R. 5:1):
(0) phenol; (m) m-cresol; (+) benzoic acid; (X) benzylamine; (v) benzyl alcohol.
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Fig. 4. Effect of carriers on equilibrium shrinkage of poly(ethylene terephthalate) filaments (D.R.
5:1): (O) phenol; (X) benzylamine; (®) nitrobenzene; (v) benzyl alcohol.

swell in aqueous solutions of carrier® but the drawn fiber does (Fig. 2). Control
of the mechanical and thermal history of the poly(ethylene terephthalate) fila-
ments is obviously important in these studies, and most of the work described
here concentrates on the properties of drawn filaments.

The results give additional strength to the argument that dispersion forces
are dominant in the plasticization of poly(ethylene terephthalate) by carriers.
Equivalent concentrations in the fiber of each of the carriers used give equivalent
effects on the physical properties. Inspection of the solubility parameters of
the carriers (Table I) reveals that all have a dispersion solubility parameter close
to that for PET but the values for the association solubility parameter differ from
one another. Therefore, if polar forces were dominant, the effects of equivalent
concentration of carrier in the fiber would be different, as found for polyacry-
lonitrile fibers.8 Since each carrier appears to act with the same intensity and
the values of their dispersion solubility parameter are very similar, it is concluded
that the dispersion forces dominate the carrier action.

Equivalence in the activity of each carrier in the drawn filaments extends to
birefringence (Fig. 3) diameter swelling (Fig. 2) and equilibrium shrinkage (Fig.
4). The one exception encountered was with the changes in swelling and bire-
fringence caused by m-cresol at the higher concentrations used. They are higher
than expected when compared with the general trend for other results. However,
it is believed that this compound will penetrate the crystalline regions of poly-
(ethylene terephthalate)2® and the discrepancy may be due to the greater dis-
ruption of the molecular arrangement of the polymer.

Unlike the properties shown in Figures 2-4, the crystallinity as reflected by
the density does not change over the whole range of carrier concentrations used
(Fig. 1), and therefore other molecular events take place even when the per-
centage crystallinity remains constant.
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Fig. 5. Effect of carriers on diffusion coefficient of CI Disperse Orange 3 ilnto poly{(ethylene ter-
ephthalate) filaments (D.R. 5:1) at 95°C: (O) phenol; (¥) benzyl alcohol; (- i -) 2-phenoxy ethanol;
(®) nitrobenzene; (X) benzylamine.

Effect of Carriers on Dyeing Properties

Kinetics

Equal concentrations of carrier in the fiber also have equal effects on the dif-
fusion coefficient of dyes into drawn fibers (Fig. 5). This has been reported for
a few carriers before,25-27 but the pattern of the change in the diffusion coefficient
with concentration of carrier in drawn fibers has not. There is a pronounced
break in the relationship between a concentration of about 0.35-0.45 mole car-
rier/kg fiber which may reflect the onset of some form of molecular rearrangement
inside the fiber. In Figure 6, a record is given of the change in length of the drawn
filament under a slight tension with temperature when immersed in solutions
of 2-phenoxy ethanol. No change in length is detected at any temperature until
a sufficiently high concentration of carrier is used. Then a small but definite
increase in length occurs at a certain temperature. This temperature decreases
with further increases in carrier concentration.

The minimum concentration of 2-phenoxy ethanol in solution required to
produce the changes in length shown in Figure 6 is of interest. Using the par-
tition coefficient to convert this concentration to the concentration expected
in the fiber at 95°C shows that the latter falls within the concentration range

which produces an abrupt change in the diffusion coefficient of the dye
(Fig. 5).
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Fig. 6. Effect of 2-phenoxy ethanol and temperature on length of poly(ethylene terephthalate)
filaments (D.R. 5:1): (+) 0.1 mole/l. 2-phenoxy ethanol; (®) 0.2 mole/l. 2-phenoxy ethanol; (0) 0.3
mole/l. 2-phenoxy ethanol; (0) 0.5 mole/l. 2-phenoxy ethanol.

Equilibrium Uptake of Dye in the Presence of Carriers

So far, all the results discussed have dealt with properties that are affected
in the same way by all the carriers examined. They are all properties directly
related to the molecular structure of the filaments. However, the relationship
between the equilibrium uptake of the dye and the concentration of carrier in
the fiber is more complicated, and the effect of carriers on the equilibrium uptake
of dye varies from carrier to carrier. The effects of several carriers on the equi-
librium uptake of CI Disperse Orange 3 were examined using concentrations of
carrier in aqueous solution up to saturation; the results produced for each carrier
were different (Fig. 7).

The effects are not limited to CI Disperse Orange 3; and in Table III the values
are given for the diffusion coefficient and equilibrium uptake of three different
dyes on drawn poly(ethylene terephthalate) filaments containing equal molecular
concentrations of carrier. Changing the carrier does not affect the diffusion
coefficient significantly, but there is a significant change in the equilibrium
uptake of two of the dyes.

Since mole for mole the effects of all the carriers on those properties of the
filament examined that reflect changes in molecular structure are identical, the
conclusion is drawn that the results originate from an interaction between the
dye and the carrier.
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Fig. 7. Effect of carriers on equilibrium uptake of CI Disperse Orange 3 on poly(ethylene ter-
ephthalate) filaments (D.R. 5:1) at 95°C: (V) nitrobenzene; (O) 2-phenoxy ethanol; (@) phenol;
(X) benzyl alcohol.

TABLE 1II
Effect of 0.5 mole Carrier/kg Fiber on the Diffusion Coefficient and Equilibrium Uptake of
Different Dyes on Poly(ethylene Terephthalate) Filaments (D.R. 5:1)2

Equilibrium dye Diffusion coefficient
uptake, g/kg X 108, cm2/min
Carrier A B C A B C
Phenol 2.40 1.58 2.63 9.67 4.71 8.82
Aniline 1.80 1.62 2.18 9.72 4.65 8.47

a A = 4.Hydroxyazobenzene; B = 4-aminoazobenzene; C = azobenzene.

CONCLUSIONS

The effect of carriers on the swelling birefringence and equilibrium shrinkage
of drawn poly(ethylene terephthalate) filaments support the conclusion that
dispersion forces govern the plasticization mechanism.

For all the carriers examined, equal concentrations of carrier in the substrate
had equal effects on the diffusion coefficient of dyes. However, the effect of
carrier concentration on the equilibrium uptake of dye varied from carrier to
carrier. This is taken as evidence for interaction between the carrier and the
dye.
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