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The vapour pressures, latent heats of sublimation and
associated entropy changes of some vat dyes have been
determined by the transpiration method. These
compounds have vapour pressures of 0.001-0.577 torr
over the temperature range 246-361°C. The heats of
sublimation are discussed in terms of the dyes’ malecular
structure. This article presents evidence for the existence
of a specific linear relationship between the enthalpy
change and the entropy change in sublimation.

INYTRODUCTION

Aknowledge of the vapour pressures and heats of sublima-
tion of dyes is necessary in studies of the fundamental
aspects of interaction between dyes. Some vat dyes can be
applied to anodic alumina plates by heat transfer printing.
However, the vapour pressures of some vat dyes have not
been disclosed.

Dye 1, Mitsui Indigo Pure
(MDW, C.I. Vat Blue 1)

Dye 2, Mitsui Tsuya Indigo 2B
(MDW, C.l. Vat Blue 5)

Vat dyes may be divided into two classes: {a) derivatives
of indigo and (b) derivatives of anthraguinone. The vapour
pressures of some of these dyes have been measured in
this study.

The purpose of our research was to obtain an under-
standing of the binding mechanisms which operate in the
dye molecules. It seemed that a comparative study of the
structural and thermodynamic properties of a variety of vat
dyes would be a useful starting point in investigating the
nature of mutual interactions between dye molecules. In
this work the transpiration method [1] has been applied to
nine vat dyes.

EXPERIMENTAL
The vat dyes used in this study were purified by a resubli-
mation method in vacuo until no variation in the differential
thermal analysis curves were obtained, using a Rigaku-
Denki DTA instrument (standard model). All samples were
then sublimed in the temperature range in which their vap-
our pressures were determined. The apparatus used in this
study has been reported previously {1].

Figure 1 shows the structure of the dyes used in the
experiments. These dyes were kindly supplied by Mr
Kawakami (head of Dyeing Research Institute of Mitsui-
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Dye 3, Mikethren Brilliant Pink R
(MDW, C.I. Vat Red 1)
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Dye 4, Mitsui Tsuya Indigo RN
(MDW, C.l. Vat Blue 3}
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Dye 7, Mikethren Blue RSN
{(MDW, C.l. Vat Blue 4}

Figure 1 — Dyes used in present study
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Dye 5, Mikethren Red Violet RH
(MDW, C... Vat Viclet 2)

o)
UL

H
NT O

o] /N

I

c

o)

Dye 8, Mikethren Blue BC
{(MDW, C.l. Vat Blue 6)

Dye 6, Mikethren Orange R
{MDW, C.1. Vat Orange 5)

Dye 9, Mikethren Olive Green B
(MDW, C.1. Vat Green 3)



Toatsu Co. Ltd). Figure 2 shows plots of the vapour pres-
sure of the indigoid dye C.I. Vat Blue 3 against the velocity
of gas flow at 280°C. Plots of the vapour pressure of the
anthraquinonoid dye C.I. Vat Blue 4 against the velocity of
gas flow at 340°C are included in the figure. These runs
were continued for at least 12 h.

The vapour pressure of the dyes studied increased with
decreasing gas flow in the apparatus [1]. However, in the
low gas flow range, the vapour pressure of dye was greater
than expected, excess dye vapour being retained in the
solid dye in the fow gas flow range. So an equilibrium
between dye vapour and sofid dye did not exist in the
apparatus. As a result it was found necessary to allow the
vapour pressure to achieve aconstant value as the flow rate
was increased over the experimental range. A stream of
nitrogen gas was passed through the inner part of tube in
the apparatus at a velocity of 32.5 ml/min for the indigoid
dyes and 35—40 ml/min for the anthraquinoneid dyes.
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Figure 2 —Piots of vapour pressure of C.I. Vat Blue 3 (dye 4)
and C.I. Vat Blue 4 (dye 5/ against velocity of gas flow

RESULTS AND DISCUSSION
The vapour pressures of the dyes studied were used to
calculate their heats of sublimation or vaparisation, using
the method previously reported [11.

The heats of sublimation, AH%,p, are calculated from the

vapour pressure data by means of the Clausius—Clapeyron
equation (Egn 1):

©

How ¢ (1)
2.303RT

where R is the universal gas constant. The experimental
values of vapour pressure are plotted logarithmicaily
against 1/7. The hypothetical standard state for AH®,,, and
A8, is 1 atm for the range of temperatures studied.

Strictly speaking, the values quoted for AH%,, change
with temperature and equilibrium pressure. However, over
the small temperature range used, AH°,,, can be assumed
to represent the latent heat of sublimation [2]. Figure 3
shows plots of ~log P against 1/7 for the indigoid dye C.1.
Vat Orange 5 (dye 6). Figure 4 shows the plots of ~log P
against 1/T for the anthraquinonoid dye C.I. Vat Blue 4 (dye
7). The gradient is calculated by the method of least mean
squares.

The latent heats of sublimation and the values of the
constant C in Eqn 1 are listed in Table 1. These compounds
have vapour pressures of 0.001-0.577 torr over the tem-
perature range 246—-361°C, The latent heats of sublimation
may correspond to the sum of the heats of formation of the
various bonds that take part in mutual interaction between
dye molecules.
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Figure 3 — Plot of —log P against 1/T for CJ1 Vat
Orange 5 (dye 6)

Gelb et al. argued that the correlations between AH®,
and AS®,,, are symptomatic of the nature of the bonding
mechanism between cyclohexa-amylose and various subs-
trates in binary complexes [3]. It is fairly evident that corre-
iations exist between the AH°,, and AS®,p values listed in
Table 1. Other correlations of this type are weli known in
other applications of thermadynamics and chemical
kinetics {4]. Nevertheless the vat dyes studied have been
excluded from the AH°,, vs AS°,, correlation of disperse
dyes and coupling components (Figure 5) [4] because of
their severe deviation from the correlation line.

If it is assumed that the correlation is not attributable to
experimental error, we believe it is due to certain features
of the binding mechanism involved in the mutual interac-
tions between dye molecules. A correlation has not been
found with the other dyes or coupling components.

In Figure 5 the indigoid dyes are grouped immediately to
the right-hand side of the correlation line, whereas the
anthraquinonoid dyes are plotted even more to the right.
With the indigoid dyes, AS°,, in the sublimated state was
35 entropy units {e.u.), which is about 8 e.u. less than pre-
dicted by the correlation line on the basis of the observed
AH°, value of 142 kJ/mol. On the other hand, the AS® .
value for the anthraquinonoid dyes in the sublimated state

TABLE 1

Thermodynamic Properties of Some Vat Dyes

AH° AS° P

Molecular
Dvye weight {kJ/mol} (e.u.) c {torr)

1 262 136 41.3 11.9 0303
(300°C})

2 582 129 354 10.6  0.080
{300°C)

3 397 148 44.2 125  0.001
(300°C)

4 420 57 2.9 3.51 0.00228
{304.1°C)

5 393 93 18.6 6.94 0.0323
(304.1°C)

6 384 65 8.9 4.83 0.0281
(304.1°C)

7 442 167 40.2 11.7  0.00832
{361.0°C)

8 511 199 50.2 13.9 0.002832
(361.0°C)

] 449 1556 33.9 10.39 0.003393

{361.0°C)
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was 38 e.u., about 20 e.u. less than predicted by the correla-
tion line on the basis of the observed AH®,,, value of

167 kJ/mol.
These lower AS®,,, values may be the result of aggrega-

tion between dye molecutes in the sublimated state, which
has been reported in many papers[2,6,7]. This would
refiect additional ordering that would displace the vat dyes
from the correlation line between AH°,,,,, as shown in Figure
5. We tentatively speculate that this deviation is due to a
mechanism involving a partial contribution of van der
Waals interactions in the planar vat dye molecuies. Fur-
thermore the correlations strongly support a binding
mechanism in which strong van der Waals interactions
between the dye molecules result in a closely packed
crystal structure of the molecules in the sublimated state.
Thus, from the value of AS°,,, the strong van der Waals
interactions between the dye molecules in the anthra-
guinonoid dyes result in the more closely packed crystal
structure in the vapour phase.

The latent heats of sublimation of the indigoid dyes 1, 2
and 3 were compared with those of dyes 4, 5 and 6. The
difference between these two groups may be partly due to
the effects of steric hindrance in the molecules of dyes 4, 5
and 6, which have bulky bromo, chloro, methyl and ethoxy
groups. As a result, the van der Waals forces in these com-
pounds are weaker than those in dyes 1, 2 and 3, and the
AH®,,, values are lower.
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Figure 4 — Plot of —log P against 1/T for C.l. Vat Blue 4
fdye 7)
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Figure 5 — Enthalpy—entropy plots

A comparison was alsc made between the latent heats of
sublimation of the anthraquinonoid dye 8 on the one hand,
and dyes 7 and 9 on the other. The differences between
these dyes may be also partly due to the polarity from the
substituted chicrine atom in molecule of dye 8, rather than
any steric hindrance effects in the dye molecule. In this case
the polarity of substituted group appears to be the pre-
dominant factor.

* * *

We thank Mr Kumano (head of the Research Institute of
Toyo Ink Mfg Co. Ltd} and Prof. H Seki (Tokyo University of
Agriculture and Technology) for their useful suggestions.
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