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The present paper demonstrates that the polymers of different chemica 
structure interact at 100—150 К with atomic hydrogen, free radicals being 
formed. Macromolecules which contain aromatic rings (PS, PMS and PET) 
or nitrile groups (PAN) join hydrogen atoms. In other polymers (РЕ, PP, 
P I , PEO, PVA, PAA, PMM, PCL, and PVAc) the abstraction of hydrogen 
atoms, generally from chief polymer chains, is observed. 

The reactions of atomic hydrogen with polymers take place in thin surface 
layer. The thickness of this layer is about 10~6 cm. The local radical concen
trations attain 1 — 5 X 101э spins g - 1 . 

The values of activation energy of hydrogen atom abstraction from macro-
molecules at low temperatures are very small. Thus the activation energy for 
hydrogen atom abstraction from P I is 2 ± 0.5 kcal mole - 1 and 1.2 + 0.5 
kcal mole-i for PEO. 

By interaction of hydrogen atoms with different organic compounds at low temperatures 
free radicals arise which may be observed by e.s.r. method [1—4]. Literature data related 
mainly to the compounds with low molecular weight, and reactions of atomic hydrogen 
with macromolecules have scarcely been studied. There are only some data about reactions 
of atomic hrydrogen with polystyrene and substituted polystyrenes [5 — 7] and some bio-
polymers [8, 9]. 

In this work Ave have attempted to study reactions of hydrogen atoms with the polymers 
of different chemical structure. The attention has mostly been paid to the determination 
of the structure of free radical reaction products and the kinetic peculiarities of reactions. 

The reactions have proceeded in cavity of e.s.r. spectrometer, the mixture of atomic 
and molecular hydrogen being pumped through polymer samples. 

There has been studied the interaction of atomic hydrogen with polymers: polyethylene 
(PE), polypropylene (PP), polyisobutylene (PI), polyvinyl alcohol) (PVA), polyethylene 
oxide) (PEO), poly(methyl methacrylate) (PMM), polyvinyl acetate) (PVAc), poly-
(acrylic acid) (PAA), polyacrylonitrile (PAN), polystyrene (PS), poly(a-methyl styrene) 
(PMS), poly(ethylene terephthalate) (PET) and polycaprolactam (PCL). 

The temperature during reactions has been in the range 100—150 K. 

* Presented at the I U P AC Conference on Chemical Transformation of Polymers, 
Bratislava, June 22 — 24, 1971. 
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i FACTIONS OF HYDROGEN ATOMS WITH POLYMERS 

Experimental 

Hydrogen a t o m s were produced b y high-frequency electrodeless discharge. T h e dis

charge was ini t iated wi th high-frequency generator (13.56 M H z ) . T h e discharge q u a r t z 

tube (diameter 12 m m ) possessed two bends in order to exclude t h e act ion on t h e samples 

of the ultraviolet radiat ion, produced in t h e discharge. T h e react ion t u b e (diameter 9 m m ) 

was made of a thin-wall q u a r t z a n d h a d a s u p p o r t i n g disk (with orifice), on which t h e 

polymer samples were placed. T h e dis tance between t h e discharge a n d t h e react ion 

zones was about 20 c m . I n order to p r e v e n t t h e recombinat ion of h y d r o g e n a t o m s on 

walls the tubes were carefully washed a n d t r e a t e d wi th concent ra ted hydrofluoric acid 

before experiments. 

The reaction t u b e was placed in t h e cavi ty of t h e e.s.r. spect rometer ( type IChF-2), 

so we had the o p p o r t u n i t y t o observe t h e formation of macroradicals a n d t o check t h e 

concentration of hydrogen a t o m s a t t h e same t i m e . T h e a tomic h y d r o g e n concentra t ion 

in the reaction zone was 10 1 3 —10 1 4 c m - 3 , depending on t h e exper imenta l condit ions. 

The reaction t u b e was t h e r m o s t a t t e d w i t h t h e flow of n i t rogen gas from t h e closed Dewar 

vessel. 

Before s tart ing t h e exper iments t h e polymer was p u m p e d down t o a pressure of 

10~3—10-4 m m H g , t h e n t h e t h e r m o s t a t t i n g sys tem was set working a n d t h e sample 

was maintained a t t h e needed t e m p e r a t u r e . H y d r o g e n was int roduced into t h e sys tem 

(the pressure a b o u t 1 m m H g ) a n d t h e discharge was switched on. 

The commercial hydrogen was used w i t h o u t further purification. 

PE, PP, and P E O were obta ined a t our ins t i tu te b y t h e polymerizat ion of t h e m o n o m e r s 

on proper cata lysts . 

PAA was p r e p a r e d b y photopolymer izat ion of acrylic acid a t r o o m t e m p e r a t u r e , 

unreacted monomer being evacuated . 

PMS was obtained in K a r p o v ' s Physico-Chemical I n s t i t u t e wi th 1л(СгН5) cata lyst ; 

it was reprecipitated from benzene solution b y m e t h a n o l . 

Other polymers were commercial p r o d u c t s . P I was reprec ip i ta ted from its benzene 

solution by e thanol . PVAc was prec ip i ta ted from m e t h a n o l solution b y water . P M M was 

reprecipitated twice from benzene b y e thanol . 

The depth of t h e p e n e t r a t i o n of hydrogen a t o m s into polymers is l imited [5, 10—12]. 

That is why t h e polymer samples wi th large specific area were prepared . Usual ly t h e 

polymers were ground in vibromill [13] a t 100 K, a n d powder samples were t ransferred 

Table I 

Character is t ics of po lymer samples 

Designation 
of samples Method of preparing m* 

(g/g) 

Specific area S 
[m2 g"1] 

PI 
PVAc-1 
PVAc-2 
PVAc-3 
PVAc-4 
PEO 
PVAc-5 
PMM 

thin polymer layers on Si0 2 

ground in vibromill 
fluff 

0.15 
0.15 
0.45 
0.90 
1.50 
0.15 

126 
160 
84 
40 
32 
165 
2 
5 

* Quantity of polymer on SÍO2. 
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to the reaction tube immediately after forming a dispersion. From some polymers their 
were prepared fluffs by freeze-drying benzene solutions [14, 15]. In order to get samples 
with very large specific area some polymers were deposited in thin layers on the surface 
of SÍO2 (Aerosil-175) with the specific area of 170 m2. In such way there were prepared 
the samples P I , PEO, PVAc-1, PVAc-2, PVAc-3, and PVAc-4. 1% solutions of these 
polymers in carbon tetrachloride or benzene were shaken with SÍO2 at room temperature 
during 6 hours, then the solvents were evaporated in vacuo. Table 1 contains the charac
teristics of some polymer samples. 

For measuring the specific area of samples the chromatographic method of thermode-
sorption of argon [16] was employed. 

Results and Discussion 

The macroradicals have been produced in all the studied polymers at 100—150K. 
Their formation cannot be assigned in no case to the action of u.v. radiation, generated 
in the discharge. In check experiments made in tubes which had not been previously 
treated, neither hydrogen atoms, nor macroradicals were observed. Thus macroradicals 
are formed only as a result of the interaction of atomic hydrogen with polymers. 

In Fig. 1 there are shown the e.s.r. spectra of some macroradicals. There was made 
a detailed examination of isotropic hyperfine structure in accordance with half empiric 
rules for analysis of e.s.r. spectra [17]. In most cases the structure of the free radical 
intermediates of reactions was established. In some cases the special experiments with 
deuterium instead of hydrogen were made. The parameters of e.s.r. spectra and the 
supposed structure of macroradicals are given in Table 2. 

In PS, PMS, and PET the spectra are triplets, the distance between outmost lines 
being in all spectra 86 — 90 G. The intensity ratio of components is close to 1:2:1. 
The e.s.r. signals in these polymers are due to the cyclohexadienyl type radicals which 
are produced as a result of hydrogen atom addition to aromatic ring [3, 5 — 7]. 

Fig. 1. The e.s.r. spectra of macroradicals formed at 140 К in P E (a); P P (6); PEO (c); 
PMM (d); PAA (e); PVA (/); PCL (g). 
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Table 2 

The structure of macroradicals formed a t t h e exposure of polymers t o hydrogen a t o m s 

Spectra e.s.r. 

Polymer number total Macroradical structure 
of lines **™™Z 

PE 

PP 

PI 

PMM 

PEO 

PVA 

PVAc 

PAN 

6 

6 

2 

о 

3 

3 

5 
7 

154 

130 

22 

21 

36 

62 

75 
13S 

PCL 

PET 

PS 

5 

3 

3 

75 

86 

90 

— CH 2 — CH — CH 2 — 

- C H 2 - C ( C H 3 ) - C H 2 -

- C H 2 - C H ( C H 2 ) - C H 2 - (?) 

— C(CH3)2 - CH - C(CH3)2 -

- C ( C H 3 ) ( C O O C H 3 ) - C H - C ( C H 3 ) ( C O O C H 3 ) -

- C H 2 - 0 - C H 2 C H - 0 - C H 2 -

- C H 2 - Ó ( O H ) - C H 2 -
- C H 2 - C ( O C O C H 3 ) - C H 2 -
— CH2 — CH — CH2 — 

I 
C = NH 

- C H 2 - C ( C N ) - C H 2 -

PAA 86 - C H 2 - C ( C O O H ) - C H 2 -

- C H 2 - C ( C O O H ) - C H ( C O O H ) - (?) 

- C O - N H - C H - C H 2 -

— CH2 - COO - C6H5 - COO - CH2 -

— CH2 — CH(C6He) — CH2 — 

OPMS 3 88 - C H 2 - C ( C H 3 ) ( C 6 H e ) - C H 2 -

The e.s.r. signal of radicals in P A N is very complex and consists of 7 lines. The com
parison of spectra observed dur ing the act ion on P A N of hydrogen and deu te r ium a toms 
showed that the react ion took place in two ways : t h e addi t ion of hydrogen a t o m to C = N 
bond and the abs t rac t ion of hydrogen a t o m from t h e polymer chain. The d o m i n a n t reac
tion is the addit ion of hydrogen a tom. 

The spectra in P E , P I , PMM, PVA, a n d P C L indicate t h e presence of t h e macroradicals 
with free valency in t h e middle of po lymer chain (Table 2), which arise as a resul t of 
hydrogen atom abs t rac t ion from macromolecules. I n P P , PAA, a n d PVAc t h e react ion 
of hydrogen a tom abs t rac t ion also proceeds b u t t h e s t ruc tu re of macroradicals formed 
is not definitely established. 

The concentration of t h e arising macroradicals depends on m a n y factors: polymeric 
structure, t empera ture , concentra t ion and dura t ion of act ion of a tomic hydrogen , specific 
area of samples. I t should be no ted t h a t isotropic hyperfine s t ruc tu re of e.s.r. spect ra 
ß usually poorly resolved and line wid th increases wi th t h e growth of radical concentra
tion. This fact and the dependence of average radical concentra t ion on specific area of 
saraple show t h a t hydrogen a toms reactions wi th polymers t a k e place in t h i n surface 
layer and the local concentrat ions of macroradicals in th i s layer are very high. I n order 
to estimate the thickness of this layer a n d to measure t h e local radical concentra t ions 
the run of experiments was carried out wi th polymers deposi ted in th in layers on silica. 

In Fig. 2a there is presented t h e dependence of radical yields a t 120 К on t h e exposure 
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t ime for series of PVAc samples (see Table 1). The concentra t ion of a tomic hydrogen 
in all exper iments was cons tan t a n d equal to 5 X 1014 c m - 3 . This figure shows that the 
m a x i m u m radical concentra t ions (Rum) for samples PVAc-1 , PVAc-2, a n d PVAc-3 (8) 

^ 40 m 2 g_ 1) are close to each o ther and reach 1019 spins g - 1 . Rnm for PVAc-4 is twice 
less. Fig . 26 shows the dependence of m a x i m u m radical concentra t ion in PVAc on specific 
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Fig. T h e resul ts of t h e e x p e r i m e n t s w i t h PVAc a t 120 K. 

a) T h e yield of macroradica l s vs. t h e exposure t i m e . 

1. PVAc-2; 2. PVAc-1; 3. PVAc-3; 4. PVAc-4; 5. PVAc-5 (ordinate R X 10~i7 spinsg1). 

6) T h e dependence of m a x i m u m radica l concent ra t ion on specific area of samples. 

area of samples. T h e point in curve beginning corresponds t o Rum in t h e powdered sample 

PVAc-5. I t appears from Fig . 26 t h a t t h e m a x i m u m radical concentra t ion stopped 

depending on t h e specific area a t S = 4 0 m 2 g _ 1 . I n other words, in t h e samples with 

S ^ 40 m 2 g _ 1 all t h e layer of deposi ted polymer " w o r k s " . I f t h e thickness of such layer 

is ô i ts volume is 1/g = Sô, where g is PVAc densi ty = 1.18 g c m - 3 . Then ô = 2 x 10"6cm. 

The lower values of Rum (in comparison wi th 101B spins g_ 1) in PVAc-4 and PVAc-5 
are due to t h e l imited pene t ra t ion of hydrogen a toms into these samples . One can estimate 
t he value ô by means of equa t ion R&v = R\oc So, where .Rioc = Ю 1 9 spins g _ 1 . Then 

S = Rav/RiocSg = (1/1.18 X IO19) X R*V/S. T h e ô values for samples PVAc-4 and PVAc-5 
are 1.3 X 1 0 - 6 cm a n d 0.9 X 10 - 6 cm, respect ively. 

T h u s t he d e p t h of hydrogen a toms pene t ra t ion into PVAc is 1 — 2 x 10~G cm and the 
local concentra t ions are 1019 spins g _ 1 . I n other polymers deposi ted on silica (PI, PEO) 
m a x i m u m radical concentra t ions reach higher values (5 X 1019 spins g _ 1 ) . 

F r o m t h e dependence of radical yield on t h e exposure t ime t h e kinetic parameters 
of react ions of hydrogen a toms wi th macromolecules m a y be measured 

dR/dt = ^ [ H . ] [P] - fc2[H.] [R.] = &3[R-]2, № 

where [H«] — concentra t ion of a tomic hydrogen, 

[P] — c o n c e n t r a t i o n of macromolecular uni t s , 

ki, &2, &3 — t h e r a t e c o n s t a n t s of react ions of h y d r o g e n a t o m s wi th polymer (M 

h y d r o g e n a t o m s w i t h radicals (къ) a n d recombinat ion a n d disproportiona-

t ion of radicals (кз). 
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In general the value [H*] depends on diffusion coefficient of hydrogen a t o m s into poly

mers. In samples P I , P E O , a n d PVAc-1 t h e polymer q u a n t i t y deposi ted on silica is 

0 15 g/g> what is near to one molecular layer, a n d in such t h i n layers react ion is n o t 

diffusion controlled. At t h e beginning of t h e process [R»] values are very small a n d 

(№/d<£*i[H.][P]. 

i 1 1 

i i 

5 8 10 

T"'xWJ 

Fig.3. The rate of radical formation in P I , Pig. 4. The ra te cons tan ts of abs t rac t ion 

deposited on silica a t t e m p e r a t u r e s : react ion of hydrogen a t o m (in relat ive 

1. 99 K ; 2. 123 K ; 3. 145 K. units) as a function of t h e reciprocal of 

t empera tu re . 

1. P I ; 2. P E O . 

In Fig. 3 the ra tes of radical formation in P I a t three t empera tu res are presented. 
From initial linear p a r t s of curves the values of t he r a t e cons tan ts of hydrogen a t o m 
abstraction (in relat ive uni ts) were calculated. F ig . 4 shows the t empe ra tu r e dependence 
of this constant. Analogous exper iments were m a d e wi th P E O and Arrhenius plot for 
this polymer is also presented in Fig. 4. The d a t a in Fig. 4 yield ac t iva t ion energies for 
reaction of hydrogen a t o m abs t rac t ion from P I and P E O . They are 2 a n d 1.2 4; 0.5 kcal 
mole-1. 
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