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Photomechanical Degradation of 
Dyed Polymers 
T. B. BOBOEV, KH. DODOMATOV and I. YA. KALONTAROV 
Tajik State University, Lenin St. 17, Dushanbe, Tadjikistan and lnstitute of Chemistry Tadjik 
Academy of Science, Ayni St. 29912, Dushanbe, Tadjikistan 

A stabilizing effect of reactive dyestuffs under photodegradation is evaluated by investigating the 
durability and degree of the radiation damage to polycaproamide (PCA) fibers and natural silk. The 
character of a stretching load influence o n  observed stabilization effect in relation to the wavelength 
of the incident light was shown. 

KEY WORDS Photomechanical degradation, dyed polymers, silk polycaproamide 

INTRODUCTION 

Polymer degradation under the simultaneous effect of stretching load and UV-light 
proceeds faster than under photoaging of unloaded samples, since under photo- 
mechanical degradation breaking off the ties, due to UV-light quanta, is added to 
the thermofluctuational process of breaking off the ties. I-' Another particularity 
of the photomechanical degradation process is in weak air-environment influence 
on its rate, while oxidizing processes under photoaging play an essential part in 
degradation of polymer mechanical properties.? Hence, mechanisms of these pro- 
cesses and methods of stabilization of polymers under such circumstances may 
differ significantly. 

The aim of this work is revealing the dye influence on the process rate of the 
photomechanical degradation of the fiber-forming polymers of the polycaproamide 
(PCA) and fibroin of the natural silk (FNS) in comparison with the same data for 
unloaded samples. 

EXPERIMENTAL 

The PCA and FNS were used as the polymers in the form of corresponding fibers 
prepared for dyeing. The reactive dyes of the dichlortriazinyl type C. 1. Reactive 
yellow 4(I), monochlortriazinyl type-C.1. Reactive red 3(11), the vinylsulphonyl 
type-C.1, and Reactive violet 4(III) were used. 

The PCA and FNS fibers were dyed in accordance with methods described 
elsewhere,5 using the covalent chemical bond formation (method 1). The dihy- 
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droxytriazinyl derivative of the dye 1, unable to form the covalent bonds, was 
obtained by alkali hydrolysis of I instead. The dihydroxytriazinyl derivative of I 
was used in dyeing the PCA fiber by the method normally used for dyeing with 
the acid dyes (method 2). 

To investigate the PCA-fibers, photoaging, the samples were treated with the 
complete spectrum of the ultra-violet light of a mean pressure mercury-quartz lamp 
in the air with 323K temperature and intensity of irradiation j = 700 joule-m-2-s-1.  
The natural silk samples were treated with the ultra-violet light of two wavelengths, 
X, = 254 nm and A, 365 nm. The source of UV with XI was the low pressure 
mercury lamp, with 80% emission in A, .  The region of the spectrum near A, = 
365 nm was selected from emission of the mean pressure mercury-quartz lamp with 
the glass filter. The photostability of the samples was evaluated by alteration of 
the relative tensile stability a,,, durability 7 (time from the moment of loading to 
sample breaking off) and the degree of radiational damaging P. This last was 
determined according to the formula: 

P = 1 - a l a o  

where (T and (T,, are correspondingly the tensile strains of irradiated and nonirra- 
diated samples. 

RESULTS AND DISCUSSION 

Reactive Dye Influence on PCA-Fiber Photodegradation Kinetics 

Figure 1 shows the results of influence of beforehand irradiation by unfiltered UV 
light on durability of PCA-fibers. The data indicate that beforehand UV irradiation 
has different effects on the durability of dyed and undyed samples. 

FIGURE 1 The influence of preliminary cxposure to UV-light ( j  = 700 j . m  - ' .s  ' )  on durability of 
PCA fibers. I-unexposed undyed (--0-) and dyed (-V-) samples: 2-dyed using two methods. 
exposed (-T- method I ,  - x - method 2 ) :  3-undyed. exposed (A). Time of exposure-70 
hours. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
6
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1



PHOTOMECHANICAL DEGRADATION 225 

On irradiation, the decrease of dyed samples in comparison with non-irradiated 
control is much less than with undyed sample. In addition, the radiation damage 
in dyed samples does not depend on the method of sample dyeing. This is clearly 
seen in Figure 2, where dependence of altering of relative stability of dyed and 
undyed samples on irradiation time is presented. 

Thus from given experimental data it follows that independent of the method 
of polymer dyeing the same stabilizing effect against light aging in an unloaded 
state will result. 

Convinced of the effectiveness of this dye in resisting the photoaging process, 
we subsequently investigated its stabilizing effect on the durability of samples under 
photomechanical degradation. The results of these experiments are presented in 
Figure 3. These data show that under photomechanical degradation the durability 
of dyed samples is much greater compared to undyed ones. Moreover the degree 
of increase of photostability under photomechanical degradation essentially de- 
pends on the character of polymer molecule bonds with the dye. For the samples 
containing 3% dihydroxytriazinyl dye, dyed using the method of physical adsorp- 
tion, the effect of light stabilization is less than for samples dyed using dye 1(2.4%), 
which forms covalent chemical bonds with PCA. 

The observed effect may also be due to screening of the dye, which generally 
deactivates the electron excitation energy, adsorbed by the polymer macromole- 
cules, thus slowing down the degradation process. The rate of such slowing essen- 
tially depends on the probability of the electron excitation energy migration from 
polymer to the dye molecule. 

Probability of energy migration along the chemical bonds is much more than 
along inter-molecular bonds. Apparently this is the reason for higher stabilizing 
effect with chemical covalent bonding of the polymer molecules and the dye than 
without it. 

Moreover, probability of energy migration between molecules depends on the 
number of interacting groups, and the observed effect of light stabilization by the 
dye, impregnated into a sample by the method of physical adsorption, may be due 
to this factor. 

FIGURE 2 The influence of preliminary exposure to UV-light ( j  = 700 j , m - ” s - ‘ )  on altering of 
dyed PCA relative stability, (a) modified samples, (b) impregnated samples; dye concentration 1 - 
0%. 2-1.5%, 3-2%. 
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FIGURE 3 The influence of reactive dye ( I )  on the durability of PCA fibers under photomechanical 
degradation ( j  = 700 j .  m -  ? . s  ~ I ) .  I--initial undyed sample without irradiation. 2-modified samples 
(dye concentation 2.4%) with irradiation. 3-impregnated exposed samples (dye concentration 3%). 
4-undyed exposed samples. 

0 ? 14 2 1  

FIGURE 4 The dependence of the radiational damaging degree of natural silk ( N S )  samples on 
exposure time (jabsorbed = 2 2 j . m - ’ . s  I). (a)  A ,  = 254 urn. (b) Xz  = 365 nm: I-initial NS. 2-NS 
+ 11. 3-NS + 111. 4-NS + I .  

Influence of Reactive Dyes on Kinetics of Photodegradation of the Natural Silk 

The evaluation of photostabilizing effect of dyes was made by comparing of prop- 
erties of dyed and undyed samples. To eliminate changes due to chemical treatment. 
undyed samples were treated in the “white” dye-bath, containing all chemicals 
except the dye. 

In Figure 4, the infuence of dyes on the rate of radiational degradation ( P )  under 
constant irradiation intensity is given in dependence on the time of exposure to 
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UV-light of various wavelength A .  There are the same dependences for other 
irradiation intensities. One can see that when light is used with A, = 254 nm and 
with A2 = 365 nm the rate of degradation of dyed sampes is essentially less than 
that of undyed ones. In addition the effect depends on the dye type. 

It is seen more evidently in dependence (given in Figure 5 )  of initial rate of 
radiational degradation P on intensity of irradiation; P = dP/dr ( t  - 0) is the slope 
of the initial part of the P ( j )  curve. The values of quantum yield (p,) were deter- 
mined from the slope of P ( j )  dependence (see Table I) 

Comparison of these values shows that dyeing reduces quantum yield of pho- 
todegradation of unloaded samples for A, and for A,, and that means that the 
analyzed dyes have good light stabilizing effect. Samples treated with dye I ,  are 
more light stable, than initial. This difference, according to Vershinina et al.’ may 
be interpreted as follows: dye I is bifunctional and characterized by simultaneously 
forming two dye-fiber chemical bonds, which may result in cross-linking the fiber. 
This has been confirmed by a sharp reduction of solubility for dyed NS in 60% 
ZnCI, solution. 

Presence of such “cross-links” increases the probability of transferring the elec- 
tron excitation energy from the polymer molecules to dye molecues, which increases 
the light stability of samples. Dyes I1 and 111 are monofunctional, and the number 
of bonds formed between the dye and the polymer is considerably less than for 
dye I .  In this case the probability of transferral of energy from the polymer to the 
dye will be less than in the first case, and as a result the effect of light stability will 
be less. 

The process of the photomechanical degradation of dyed and undyed natural 
silk was investigated in order to clarify the influence of stretching load on observed 
effect of light stabilization. For this purpose the samples were tested for durability 

35 ?O 0 ?lJ 240 

FIGURE 5 
253 nm. (b) AZ = 365 nm: 1-initial NS. 2-NS + 11. 3-NS + 111. 4-NS + I .  

The dependence of the NS radiational damaging rate on irradiation intensity. (a)  A ,  = 

TABLE I 

Quantum yield k, values for the photodegradation process of unloaded natural silk (NS) samples 

p,. 104 

h ,  nm NS undyed NS + I NS + I1 NS + I11 

254 100 47 70 82 
365 32 4.8 7.2 9 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
6
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1



228 T. B. BOBOEV. KH. DODOMATOV AND I .  YA. KALONTAROV 

under the simultaneous action of a load and UV-light treatment. The results of 
experiments for UV-light of A, and h2 are given in Figure 6. The nature of the 
dependence of radiation-mechanical durability T, upon strain u independent of light 
wavelength for dyed and undyed samples is represented by the two linear parts of 
the plots. 

Below we shall consider only that part of the plot where UV-light influence on 
TT] becomes manifest. The T, dependence on u in this part of plot may be described 
by the formula'-3 

where A, and a, are parameters characterizing the material's light stability at the 
condition of photomechanical degradation. The results obtained show that dyed 
samples are more durable than undyed, meaning that dyeing leads to increased 
light stability of samples under the condition of photomechanical degradation also. 
This additional stabilizing effect of dyes is observed for A, as well as for A,. Dyeing 
leads to increasing A, and reducing the quantum yield of photodegradation (Table 
11). 

, 200 
0 

FIGURE 6 The dependence of the radiational durability of starting and dyed NS samples Cjabsorbed 
= 22j.m ? , s  I). (a) A ,  = 254 nm. (b) A, = 365 nm; 1-initial NS, 2-NS + 11. 3-NS + 111. 4- 
NS + I .  
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TABLE I1 

The values of u,(rnrnYk), Ig(A,. c )  and P, for initial and dyed NS samples 

NS initial 

254 nm 365 nm 

T.  "C Ig A, PI 10' a1 k *I P, 10' 

40 0 18 7 3  94 0 29 8 9  30 
100 0 18 6 4  594 0 24 6 9  818 
150 0 18 5 55 4000 0 19 5 7  4000 

NS + I 

254 nm 365 nm 

T.  "C a, Ig A, PI '  10' 011 Ig A,  p,,' 10' 

40 0.16 7.6 31 0.25 9.3 2 
I00 0.16 6.8 188 0.20 7.5 53 
150 0.16 6.0 1062 0.16 5.8 530 

The Table I1 shows, that observed effect of stabilization also occurs for exper- 
iments at higher temperatures. Comparison of the ratio for quantum yield for 
undyed and dyed samples under photoaging and photomechanical degradation 
distinguishes the effectiveness of dyes under these conditions. This ratio for dye I 
under photoaging is equal to 2.1 and 6.6 for A ,  and A,, respectively, and for 
photomechanical degradation is equal to 3 and 15, that is to say that effectiveness 
of dyes under mechanical strain is larger than without it. It is possible that tensile 
strains block some stage of the degradation process. Vershinina et al." proposed 
that stretching stains, acting along the oriented molecules, decrease transverse 
intramolecular distances and this increases the possibility of deactivation of elec- 
tron-excited states. We tried to detect the deactivation process using photolumi- 
nescent methods. In these experiments we assumed that the more the dye quenches 
the polymer luminescence the better it acts as a deactivator of electron excitation 
energy. Undyed natural silk has a broad band of luminescence in region of 300- 
400 nm. Adding dye I to 3% concentration reduces the luminescence intensity 5 
times; the dye acts very effectively as a quencher of electron excitation energy. 
and this may essentially cause its photostabilizing function in loaded natural silk 
samples. 

In conclusion, the experiments conducted show that incorporating into the poly- 
mer matrix dyes of various reactive abilities and degree of interaction, polymer 
molecules may lead to change of the photostability of fabric under conditions of 
photomechanical degradation. 
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