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Abstract

Three acrylate monomers, methyl methacrylate, n-butyl acrylate,
and a comonomer mixture of fixed n-butyl acrylate (59 percent) and
methyl methacrylate, were polymerized into 5-oz cattlehide by two
processes. In one, the monomers were polymerized into the fibrous
matrix by the standard emulsion process developed at this Center us-
ing a potassium persulfate-sodium bisulfite redox initiating system at
room temperature. In the other, the same three monomers were in-
troduced by bulk or solution polymerization into acetone-dried panels
in a closed system at 60°C. The rate of change of density with com-
position was completely different for the two types of composites. The
widest range of composition was studied, far exceeding the practical
range, to provide basic information on the mechanism of deposition
and bound polymer formation for the emulsion process. It was ob-
served that both the efficiency of producing chemically bound poly-
mer and the number of polymer branches on the collagen declined as
monomer content was incrementally increased. Because branch fre-
quency thus decreased compared with the theoretical maximum, a
controlling grafting mechanism was precluded. Characteristic kinetic
constants that reflected the influence of changes in reaction variables
indicated that deposition was controlled by emulsion polymer insta-
bility rather than being influenced by grafting. A mechanism was
suggested involving aggregation of polymer in leather by coalescence
of emulsion particles to form macrodimensional layers near the sur-
faces of cattlehide, fed by monomer diffusing to rapidly accumulating
occluded radicals. Polymer-polymer crosslinking and strong adsorp-
tion of polymer coils to fiber surfaces accompanied by some surface
grafting produced the bound polymer in this scheme.

*Agricultural Research Service, U.S. Department of Agriculture.



Introduction

This paper provides the results of a detailed study of preparation conditions,
kinetics, and molecular weights based on an established practical method of
depositing acrylate and other vinyl monomers by polymerization into 5-0z
chrome-tanned cattlehide. The paper is essentially a review of earlier work pub-
lished in polymer journals (1,2). The completed series (1-5) is not to be confused
with the well-known series of Korn and Harris et al. (6-12) which provided practical
methods for graft polymerizing Nigerian sheepskins and other leathers by emul-
sion polymerization using potassium persulfate and sodium bisulfite as redox in-
itiators. In fact, the work described herein was intended to complement the work
of Korn and Harris (6-12) by providing greater insight into the mechanism of
deposition and bound polymer formation in the modification of leather over the
widest feasible range of composite composition, well beyond the accepted prac-
tical range.

A primary objective was to ascertain the extent to which graft polymer consti-
tuted the bound (unextractable) polymer for all possible compositions. For this
purpose, studies of deposition and bound polymer efficiency with changes in the
amount and type of monomer introduced in the float were emphasized. Thus the
number of grafted branches on collagen compared with that expected of a con-
trolling graft mechanism could be ascertained. In addition, extensive kinetic
studies of the relative rates of formation of polymer in the float and in the matrix
(deposited) and the fraction of this that was bound to the matrix were obtained to
further delineate the dominant mechanism by matching experimental data to
significant theoretical constants that permit such a choice to be made.

Thus, this paper presents a more comprehensive reinterpretation of accumu-
lated knowledge on these very complex systems. The paper that immediately fol-
lows (13) is more practical in presenting micrographs that depict the polymer in
its characteristic morphology in the leather and in comparing the mechanical
properties of the composites themselves with their untreated leather controls.

It is well established today that composite materials based on synthetic polymers
are only lightly (few percent) grafted (14a,b). Grafts appear at phase boundaries
only. This leaves the modifying bulk polymer as an incompatible dispersed phase
that is ungrafted but isolated and thus unavailable for polymer extraction (14a).
Although the same reasoning probably applies to fiber composites (15, 16), an
extensive literature on cotton (17, 18) and wool (15) composites suggests that
chemical grafting reactions produced the bound polymer. Neglecting the
mechanistic specificity required in using ceric ion on cotton (19-21), most of the
other proposed mechanisms operate through a primary radical attack on the fiber
molecule to provide graftable reaction sites (15, 22, 23). Several workers,
however, suggest that much of the bound polymer is merely absorbed or entrapped
around fibril or protofibril surfaces in cotton and wool (15) and other natural
fibers (16). A dominant grafting mechanism has been proposed to account for all



bound polymer formed in leather (24), whether made by ceric ion redox initia-
tion (25-30) or other means (6-12, 31-33).

In this work, three acrylate monomers, methyl methacrylate (MMA), n-butyl
acrylate (BA), and a fixed mixture of n-butyl acrylate (59 percent) and methyl
methacrylate (BA + MMA) were polymerized to 100 percent conversion into
5-0z chrome-tanned blue cattlehide by two methods. In one, the monomers were
polymerized into hydrated panels by the standard emulsion process developed at
this Center. In the other, acetone-dried panels were saturated with the same
monomers in bulk or benzene solution and were polymerized at 60°C in sealed
systems using bis-azoisobutyronitrile (AIBN) as the initiator. Thus, two different
types of composite material were developed for comparison. In the emulsion pro-
cess the total polymer and the polymer that formed in the float and that which
deposited in the matrix as homopolymer and bound polymer were separately
ascertained. In the rate studies, where variable reactant concentrations were
utilized, the same isolation techniques were employed. For all systems studied,
the widest feasible range of composition was investigated. Apparent densities
were obtained on all composites and their untreated controls, but the number-
average molecular weights were determined on the bound, deposited, and float
polymer of only selected composites. Finally an attempt was made to cast the spe-
cialized information obtained in forms more readily comprehensible to readers
not before involved in the polymer field. N

Experimental

Although the procedures for preparing the composite materials of this work by
both processes studied, and for determining their physical properties, have been
reported extensively elsewhere (1-4), a brief outline is given below for the
convenience of the reader.

POLYMERIZATION PROCEDURE

Panels (8.9 x 15.2 x 0.235 cm) of 5-0z chrome-tanned blue-stock grain-split
cattlehide were cut consecutively from all possible locations from hides from dif-
ferent tanneries. Untreated control panels were included with each treated panel.
In the emulsion method, the panels to be treated were tumbled at ambient tem-
perature under emulsion conditions with the appropriate monomer for 24 hr,
after first conditioning them for 30 min with the potassium persulfate-sodium bi-
sulfite redox initiating system. Composite composition was obtained gravimetri-
cally from methanol or air-dried panels; bound polymer composition was obtained
from panels extracted with hot benzene to remove homopolymer. Standard con-
ditions were: water 5:1 based on dry leather; K;,S,0g, 4 mole percent based on
monomer; NaHSO3/K,S,0s, 0.5; Triton X100 (1.03 percent) 2 cc/g based on
wet leather. For kinetic studies, the conditioning period was omitted and smaller



panels ("0.2X) were used (2). Variable changes were made using the standard
conditions as points of departure, and reaction time was varied incrementally. In
the bulk or solution process, panels saturated with pure monomers, or monomers
diluted with benzene, were polymerized using bis-azoisobutyronitrile (AIBN) as
initiator in sealed systems at 60°C.

PuysicaL PROPERTIES

Real densities were determined by use of a helium air pycnometer and appar-
ent densities by measurement of panel volumes (1). Neat polymer densities were,
in g/cc: MMA, 1.146; BA + MMA, 1.103; BA, 1.072, respectively. Light micro-
scopy on stained sections was used to-determine the thickness of the polymer
layers (see text) of deposited polymer at grain and corium surfaces (1). Bound
polymer was isolated by preferential removal of collagenous material by means of
6 N hot hydrochloric acid for extended times (1, 3). Molecular weights were ob-
tained with a Mercolab 5011 membrane osmometer.

Results and Discussion
A. PoLyMmERrizaTION PriNcIPLES AND CoMPOSITE FORMATION CONCEPTS

Before proceeding with the results of this investigation, a brief presentation is
given below of the principles governing the initiation and growth of polymer
chains in ordinary homogeneous polymerization (such as polymerization of pure
monomer) and the special type of isolated (heterogeneous) chain growth that
characterizes emulsion polymerization. Contrast is also provided between the lat-
ter type and the growth process that defines an exclusive or dominant graft poly-
merization reaction pathway which proceeds through a chain transfer mechanism
(22, 23).

Homogeneous chain-growth polymerization is characterized by three simul-
taneously occurring reactions. Starting with a spontaneous decomposition of an
initiator to slowly release free radicals, I*, homolytically

LI —k"4>21- (@)
Initiation of monomer, M, follows its fast reaction with I+
I + M —mIM- (b)
Growth of polymer chains (propagation) then follows the initiation step
IM- + M -ﬁ»IMM- + nM —k’4->M,, ~ M- )

tReference to brand or firm name does not constitute endorsement by the U.S. Department of Agri-
culture over others of a similar nature not mentioned.



and chains are terminated when two growing chains meet

Mnr\,M._,_.M’\/Mn_l{_’..M,,’\/M:M'\'Mu (d)

Thus, as the initiator slowly releases its radicals in step (a), polymer radicals are
continuously formed in step (b), grow in step (c), and stop growing in step (d).
The lifetime of a growing chain is less than 1 sec. Each step has a characteristic
rate, R, governed by a rate constant, k, whose subscripts describe its function as
in equations a to d. A basic assumption is that the rate of step (b), R, exactly
equals the rate of step (d), R., so that the initial radical concentration stays con-
stant and is much less than the monomer concentration as polymerization pro-
ceeds. Thus polymer macromolecular radicals rapidly grow and reach chains of
monomer units (degree of polymerization, DP,) of 1,000 to 10,000 typically by
the time growth terminates. Molecular weight is largely governed by the inverse
rate of initiation; the higher this rate the lower the molecular weight, because the
rate of termination is now higher. If other organic molecules (S:H) are present
containing a plurality of protons, two additional reactions (called chain transfer)
can occur. Primary radicals can transfer

I- + S:H ﬁ->I:H + S- (e)
and macroradicals can transfer
M~ M+ SH oM~ M:H + S ®

The solvent radicals, S¢, can also add monomer and continue the chain growth
as in equation c. However, transfer constants, k,,, are usually much smaller than
initiation constants, k,, (reaction b) so that steps e and f occur infrequently.
Nevertheless step e, with collagen, L:H, substituted for S:H, is the usual
mechanism written for grafting reactions (22-24) even though the leather is out of
phase with the polymerization locus, while radicals are being generated directly
in the same phase with abundant monomer.

An even more stringent exclusion of leather occurs when emulsion polymeriza-
tion is employed. In emulsion polymerization reactions (a) through (f), excluding
(), are operative but with certain critical differences. Radicals, I+ (now SOy, if
persulfate is used (34)) generated in the aqueous phase add quickly ("V1 x 107
sec) (35-36) to monomer present in colloidal micelles existing in the aqueous
phase, to form a strictly limited number of polymer particles in the early (0-7 per-
cent conversion) stages of the polymerization. Monomer quickly diffuses at a
steady rate from relatively large monomer droplets ("V1 ym in diameter) to the
tiny particles, through the aqueous phase, to continue the polymerization. The
individual particles increase in size at a steady rate, usually reaching 500 to 1,000
A (0.05 to 0.10 um) at the end of the polymerization. The rate of an emulsion
polymerization becomes dependent (7 to 60 percent conversion) on only the



number of particles generated and the equilibrium concentration of monomer in
the particles. Thus initiation and chain growth proceed in isolation (heterogene-
ously) in remote particles and, because of rapid capture in particles, nascent radi-
cals are even less available to produce grafts by chain transfer (reaction e). If,
however, the emulsion system should become unstable through loss of surfactant,
the particles will coagulate into large masses and free-radicals will accumulate
(occlude). The polymerization mechanism then proceeds along the homogeneous
pathway by reactions a through f.

In this work, where polymerization was usually continued to 100 percent con-
version (except for the kinetic data) the total polymer formed was located partially
in the float while the leather contained the rest of the polymer. Of the latter
polymer, here referred to as deposited polymer, roughly half was benzene-
extractable homopolymer and the rest was unextractable bound polymer. This
distribution varied with the monomer used and with the time before polymeriza-
tion was complete. By ascertaining the amount and type of polymer formed and
its distribution, important information became available concerning fractional
deposition, weight fraction, efficiency of deposition and bound polymer forma-
tion, and their influence on molecular weight and apparent extent of grafting.
These important parameters will be discussed by reference to the equations below.

Consider a 50/50 mixture as a typical composite of leather and polymer. If the
components are considered to have unit density, one-half is leather, one-fourth is
bound, and one-fourth is homopolymer. The last two together constitute the
deposited polymer fraction. Thus the fraction deposited, Wy, and the fraction
bound, W, is in accordance with the equation

W, = Wg/Wl; ng = W,,/Wl (1)

where W is weight and subscript 1 is leather, 2 is polymer and b is bound poly-
mer. Limits here are between 0 and ® as composition changes from untreated
leather to pure polymer. In contrast weight fraction deposited, w; or'wy, and
bound, w, follow the relations

Wg = Wo = W2/(W2 + Wl) ' (2)
Wp = W,,/(W,, + Wl) (23.)

These models have limits between 0 and 1.0 as composition changes from pure
leather to pure polymer. The efficiency of deposition, &, is given by

€. = Wo/W; = weight of polymer in the leather/total weight of polymer
formed in the float and leather combined 3)

while the corresponding efficiency of bound (grafted) polymer, &, is

& = W,/Wy €))

JALCA, VOL. 77, 1982



Efficiency of bound or grafted polymer, €,, must remain high (250 percent) as
monomer concentration (containing a fixed mole fraction of initjator), W, feed,
is increased to large amounts while leather amount, Wy, is kept constant in order
to provide significant support to the grafting mechanism outlined above. This
can best be seen by reference to Figure 1, which pictures four conditions of the
bound or grafted frequency fraction, F,. '

- B

F,= 025 Fy = 10
:f‘:“"{’:é w, feed = 0.95

FIGURE 1. — Schematic diagram illustrating concepts involving grafting frequency, F,, for poly-
mer-leather composites. Four different bound (grafted) polymer frequency fractions,
F,, are illustrated. Solid lines are tropocollagen molecules and wavy lines, synthetic
polymer branches, each of molecular weight 300,000. Clear rectangle at right repre-
sents monomer concentration required to produce illustrated F, branches relative to
leather amount (shaded rectangle). Pips correspond to each F,.

This parameter is defined

weight fraction of bound polymer x molecular weight of collagen )

> weight fraction of leather x molecular weight of the polymer

The branch molecular weight (curved line) is assumed to be the same in using
equation 5 in Figure 1 as that of collagen (straight line) namely 300,000, although
it could have been any value. If a grafting mechanism controlled the formation of



bound polymer, as pictured, bound polymer efficiency would have to remain
high as more monomer was introduced to achieve a high F,, of 20 as an example
of a value arbitrarily selected and pictured. This is because a dominant grafting
mechanism requires that radical reactivity be transferred efficiently (fast rates)
from the primary radicals to collagen. Thus many branches can develop on the
collagen molecule. However, the monomer feed composition w, feed must be
dramatically increased (right hand figure) to produce a high F,. The hatched
block is leather. A dominant grafting mechanism would steadily produce many
branches on collagen as more feed was introduced as pictured (position of pips at
left correspond to each Fy). Any competing reactions would produce polymer
preferentially in the float. Dominance of a competing mechanism therefore
would reduce &, steadily as feed increased with a corresponding increase in float
polymer. Thus, F, would also stay small. It will be seen that this actually hap-
pened. The foregoing theory, while seemingly complex, represents the main
principle operating in any process for treating leather with polymerizing mono-
mers coupled with the complication of grafting.

B. REesuLts, GENERAL FEATURES

In Table I are listed some of the weight fraction compositions of polymer, wa,
for the various polymer-leather composites prepared and their apparent densities.
In the emulsion prepared composites, densities of the deposited composites gen-
erally increased with increase in wy while bound composite densities remained
low and more resembled untreated leathers. In contrast, bulk-solution deposition
produced composites of much greater density that increased to a constant value
near that of pure polymer (experimental) and collagen (1.434 g cc™) (1). The
reason for this behavior and the significance of the density relations will be
presented in sections below.

Table II presents number-average molecular weights for the various com-
posites of Table I for polymer initially bound to the leather, that merely deposited
(homopolymer), and that found in the float. On the assumption that all of the
bound polymer was grafted, the polymer branching frequency fraction, F,
discussed in connection with Figure 1, is also presented. In general, the order of
size of molecular weight was M, bound 2 M, homopolymer > M, float. The M.
for the polymer formed in the absence of leather (w feed = 1.0) is relatively
small. The seeming exception (BA) was masked by a long low molecular weight
tail in the molecular weight distribution (1). The relatively high molecular
weights found for polymer forming in the confined space of leather is clear evi-
dence for the suppression of termination rate (reaction d) and is called a gel effect.
This effect has been almost universally observed for polymer forming in natural
fibers (15, 37-40) or in leather systems (1, 10-12). The low value of F,, represent-
ing only an occasional branch on tropocollagen (Figure 1B), even at high mono-
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mer feed (0.67 to 0.75), indicates low grafting efficiency. The efficiency aspect
will now be discussed.

C. SysteEMs aND DEeposiTION EFFICIENCIES

The relative efficiency of each polymerizing system for depositing polymer in
leather (Figure 2), expressed as the slopes of the lines and designated D,, de-
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FIGURE 2. — The weight fraction of polymer deposited, w,, versus the weight fraction of monomer
in the feed, w, feed. Designations are: curve 1, MMA; curve 2, BA + MMA; curve
3, BA; dotted line maximum deposition efficiency D, = 1.0. Individual values of D,
(slopes) are listed.

creased in the order MMA, curve 1 > BA + MMA, curve 2 > BA curve 3 for a
wide range of feed composition. The maximum efficiency is the dotted line,
where D, is 1.0. A similar order (Figure 3, insert A), was found for the percent
polymer deposited (W,, equation 1 x 100) as a function of time. However percent
conversion-time curves for MMA (insert B), BA + MMA (insert C), and BA
(insert D), using a feed composition of 0.5, show marked differences in behavior.
For MMA, most of the polymer deposited in the leather and little formed in the
float. Rates in the absence of leather were relatively small compared to deposited



100 100
A ! B TOTAL
2 ol ° 2 8ol “LEATHER
-?: £ oY a2
= ° 8- = eol
g 80} . rY 3 Ze0
& L - 2
=3 4 v - w
x 401 e > 40}
w 88 T k3
> a rK:V-/" <
2 20} R 20 .-
e - FLOAT
ﬁf-v v ° L
ok” 1 ! 1 1 0 i 1 ! 1 1
100 100,
c ~ToTAL D
60 ol TOTAL
LEATHER
.e a
= 60} Z 60 FLOAT
S ]
2 » NO LEATHER
& g of N LEATHER
z Yo .- BOUND £ :
=3 NO S H
© LEATHER FLOAT hd J
201 oF
__—7-80UND
0 LZ 1 1 1 i 0 =z L 1 1 i
0 50 100 150 200 250 300 0 50 100 150 200 250 300
TIME, MINUTES TIME, MINUTES

FIGURE 3. — Rate curves for total polymerization including composite formation using w, feed =
0.5. Insert A, percent polymer deposited in leather versus time; curve 1, MMA;
curve 2, BA + MMA,; curve 3, BA. Inserts B, C, D, percent conversion-time curves
for MMA, BA + MMA, and BA, respectively.

rates. For BA + MMA and BA, initially most polymer formed in leather, but at
a time period before polymerization was complete, the polymerization locus was
transferred to the float, accompanied by rate enhancement. For BA + MMA the
rate with and without leather was the same but for BA, the presence of leather
seemed to retard the polymerization rate. The rate of bound polymer formation
was about one-half that of deposited polymer formation for all three systems.
These data explain the order of D, in Figure 2 by indicating that a critical satura-
tion level exists for each monomer type introduced by polymerization into
leather. When this level is reached, polymerization activity is transferred to the
float. The differences in rates of deposition have kinetic origins, however; this
aspect will be treated below.

The efficiency of deposition (g4, equation 3) is expressed as the solid line for
each of the monomers in Figure 4 as a function of monomer in the feed, w, feed.
The order is the same as for D,, namely MMA, curve 1 > BA + MMA, curve 2
> BA, curve 3. The dashed curve is &, (equation 4) for BA + MMA. All four
curves show that as the monomer amount in the initial feed was increased, the ef-
ficiency of deposition steadily decreased to low values compared t0 £y (top of
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FIGURE 4. — Specific deposition efficiency, &4, solid lines, and bound polymer efficiency, &, dashed
line, versus w, feed. Curve 1, MMA; curve 2, BA + MMA; curve 3, BA; ¢, (dashed
line) is for BA + MMA composites. Bars represent the extremes of experimental
scatter.

figure). These declining efficiencies as more monomer was introduced account
for the small values of the grafting frequency factor, Fs, reported in ‘Table II,
especially when monomer feed compositions were large (0.66, 0.75). Actual F,
data for BA + MMA from Table II are plotted (solid circles) in Figure 5 on a
curve drawn for an average branch length of 823,180 M., for this system, as a
function of the weight fraction of bound (grafted) polymer, ws. The observed
values (lower two downward arrows) for w; feed of 0.66 and 0.75, respectively,
are considerably lower than the F, required by dominant grafting at high efficien-
cy (marked by higher two downward arrows). The circles are averaged values us-
ed to check the curve accuracy. Similar observations would apply to the other sys-
tem in Table II. As discussed in section A, these trends provide strong evidence
negating a controlling grafting mechanism. The effect of the type of deposition
process used on composite densities will be considered next.

D. DeNsiTY AND PLUMPING OF THE COMPOSITES

Figure 6 is a schematic diagram representing all features characteristic of the
composite materials of this work. Insert a represents an acetone-dried untreated
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FIGURE 5. — Plot of the bound polymer frequency fraction, F,, versus the weight fraction of bound
polymer, w;, for average branch molecular weights of BA + MMA composites:
actual data from Table II are plotted as solid circles; the open circles are averaged
values used to check the curve accuracy. The observed values for w, feed of 0.66 and
0.75 (two lower downward arrows), respectively, are considerably lower than the F,
required by corresponding theoretical values (two higher downward arrows).

leather panel showing two idealized fiber bundles, where hy is the initial thickness
of the panel and A, the initial area. After treatment by emulsion polymerization,
insert b, the panel thickness increases to h as polymer fills the space around fibers
in fiber bundles (3). Density increased monotonically as polymer content increased,
Table I. After extraction with benzene to remove homopolymer from the depos-
ited polymer, the panel retains its expanded thickness, insert ¢, but becomes
more porous as polymer is removed; consequently density decreased to values
near that of the control, Table I. In contrast (insert d), when polymer is intro-
duced into acetone-dried panels by bulk or solution polymerization, only the free
space is available for filling. Thus density increases much more rapidly (Table I)
for any given w, compared to emulsion deposition. A characteristic feature of the
systems in this work using cattlehide as the substrate for modification is that poly-
mer was shown by light microscope examination of stained cross-sections (1, 3) to



reside in the outer grain and split corium regions, leaving a center region almost
entirely free of polymer, insert e (1). This was not observed in thinner looser
hides, such as goatskins (29) and sheepskins (6-12). Transport of colloidal
polymer particles to the inner portions of the matrix was obviously retarded so
that polymer concentrated near surfaces in a fashion similar to that displayed by
impregnants (41). This phenomenon will be discussed below in connection with
the deposition mechanism. Finally an idealized drawing representing the prefer-
ential packing of coarse polymer deposited around individual fibers in a fiber
bundle is presented in insert f. This morphology will be confirmed in the next

paper (13).
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FIGURE 6. — Idealized models of the composites discussed in this work. Insert a, untreated 5-oz
cattlehide, acetone-dried, showing two fiber bundles; insert b, polymer deposited
from emulsion; insert c, insert b, but after benzene-extraction; insert d, location of
bulk or solution polymerized monomers; insert e, cattlehide panel showing polymer
preferentially deposited in layers at grain (top) and split corium regions (bottom) but
with an apparent clear zone at the surfaces; insert f, schematic of fiber bundles with
polymer deposited around fibers. Fibrils are indicated in one protruding fiber; these
were only occasionally surrounded.

A theory relating density to composition based on the models in Figure 6 was
presented in Part I (1) and will not be repeated here. This theory was based on
the simple principle that the apparent density of any composite, p., g cc”; was the
ratio of 1 g of the composite to the sum of volumes of the components, as



pa = 1g/[vol. hide substance + vol. polymer + vol. free space] (6)

where the volume of hide substance (essentially collagen) was obtained from its
density, p, = 1.434 gcc™, obtained using a helium-air pycnometer (1). From
the density, the effect of polymer composition on the extent of plumping (8) of the
composite (increase in thickness, h in cm, Figure 6) can readily be predicted for
any type of composite. For this prediction, the equation is

h = VIA = (1/Wy)/ pa ™

where V is the composite volume and A its area, which retains its initial state, Ao,
in Figure 6. However, the exact form of equation 6 will vary with the process used for
deposition (1), based on the models in Figure 6.

A test of this theory is given in Figure 7 for composite materials made with BA
+ MMA. In insert A densities (curve fitted by computer, dashed line) are com-

Eq (8) .

S
o/’

> Cun\e Fit

FIGURE 7. — Plot of apparent density, p. (insert A) and specimen thickness, h, in cm (insert B)
versus the weight fraction of polymer in the composite, w; for deposition of BA +
MMA from emulsion. Plot of p.and hversus w; (insert C) for BA + MMA compos-
ites formed by bulk or solution polymerization. Volume fraction of free space, ¢y,
versus W, (insert D) for BA + MMA composites prepared by both methods.



R, = K[V]* (10)
sothatInR; = InK + aln[V] (10a)

where R; is the rate produced by changes in each variable. Typical rate data ob-
tained are shown in Figure 8 for changes in persulfate ion concentration (initiator
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FIGURE 8. — Initial rate of monomer consumption versus time for the MMA composite system at
various initiator concentrations. The order of the rate curves in each insert, top to

bottom, is: Rr, R4, Rs, R,. Initiator concentrations, [I] moles I"* were: 1, 0.195; 2,

0.155; 3, 0.0750; 4, 0.0582; 5, 0.0402.
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FIGURE 9. — Initial rate of monomer consumption versus time for the MMA composites at varied
leather amounts. The order of the rate curves in each insert, top to bottom, is: Rz
dashed; Ry, solid; R, solid; R, dashed. Leather concentrations, [LH], moles 17,

were: 1, 1.96; 2, 1.37; 3, 1.3; 4, 0.690; 5, 0.319.



concentration, [I]) and for leather amount in Figure 9. Total polymerization rate
R is the curve of greater slope in each insert, the rate of deposition, Ry, the next
curve, bound polymer rate of formation, R,, third curve, and the rate of poly-
merization in the float R;, the bottom curve in both figures. A plot of the rate as a
function of the initiator concentration in accordance with equation 10a is shown
in Figure 10. The slope of the lines is the exponential quantity a for the two poly-
merization loci, Ry and R, in equation 10. It is called the exponential intensity
factor for the variables shown in Table III. By matching experimental values of
the exponential intensity factor a, rates of deposition, R,, and rates of bound
polymer formation, R,, with corresponding values for emulsion theory, column
2, and graft theory, column 3, a choice may be made between operating
mechanisms.

The overall results in Table III reveal that the controlling mechanism for the
rate of deposition, Ry, for all three systems (MMA, BA + MMA, BA) is closer
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FIGURE 10. — Rate of polymerization, R;, versus the initiator concentration, [I], plotted in accor-
dance with equation 10a for the following systems: curve 1, R,, MMA; curve 2, R,
MMA; curve 3, Ry, BA + MMA; curve 4, Ry, BA + MMA; curve 5, no leather,
BA + MMA. The slope is the exponential intensity constant a for the variable, [I]
in equation 10 and for the data in Table III.
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to that of the emulsion mechanism than that of the grafting mechanism. However
the dependence (expressed by the intensity constant, a) on initiator concentra-
tion, [I], was greater than either 0.4 or 0.5 specified for both mechanisms. This is
clear evidence for a gel effect (section B) that would occur if monomer polymer-
ized from accumulating buried radicals present in aggregating polymer masses in
a confined space. In the absence of leather the dependence on [I] was reduced to
0.5. Most significantly, the dependence on monomer [M] was zero and was finite
on surfactant [S], providing strong evidence for a polymerization proceeding in
emulsion. The effect on leather amount is deceiving. R4 and R, both appear to be
affected by leather amount initially, but experiments were presented (2) to show
that the magnitude of the constant a rapidly decayed to nearly zero at around 20
percent conversion. The erratic behavior of the constant a for bound polymer
rate, R,, suggests that bound polymer is a secondary consequence of the rate of
deposition and thus is not in control of the deposition process. In fact, unextrac-
table polymer did not have to be grafted to be bound. It was demonstrated
repeatedly in Part II (2) that when preformed BA + MMA polymer was used to
impregnate cattlehide leather under conditions simnilar to in situ polymerization,
the same weight percentage of bound polymer was found (50 percent) as was
formed by emulsion polymerization. It may be concluded that the kinetic behavior
suggests an emulsion polymerization that becomes unstable and deposits polymer
within the leather matrix. Consequently high graft densities, except at fiber sur-
faces, appear unlikely. An alternate mechanism having greater statistical proba-
bility is presented below.

GRAFT MECHANISM, A EMULSION MECHANISM, B
/ */ 8 e \\
(g L
/" { / Y,

= /

J \ ’

Wy feed =069, Fp=2, €=09 Wafeed = 069, Fp=0.25, €p=0.11

FIGURE 11. Schematic illustrating dominant grafting mechanism for the quantities indicated at the
bottom (insert A) and dominant emulsion mechanism (insert B) for the same feed
composition.



F. MEecHANIsM oF DEposITION AND BounD PoLYMER FORMATION

Figure 11, insert A, pictures, schematically, the consequences of a dominant
grafting mechanism in view of the discussion in section A and section E. Nascent
primary radicals formed slowly in the aqueous phase (reaction a, section A)
preferentially attack collagen molecules and transfer their activity (stars) (reac-
tion e, section A). If each of these grew chains of 300,000 molecular weight, the
grafting frequency constant, F,, would be two at the end of reaction when the
monomer feed was 69 percent; graft efficiency would thereby be high. In con-
trast, insert B, if an emulsion process prevailed, radicals formed in the float
would preferentially initiate and continue polymerization in isolated emulsion
particles. Only occasionally would one attack a collagen molecule as pictured. If
the feed was also 69 percent in monomer and branch length the same, F, would
be much more in line (F, 0.25) with what was actually found experimentally,
Table I, because efficiency, &, was low. Consequently, it appears, Figure 12, as
though emulsion particles are nucleated and grow conventionally (insert A) in the

DEPOSITION MECHANISM
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FIGURE 12. Schematic illustrating an emulsion polymerization just initiating (insert A) and contin-
uing (insert B) in the vicinity of leather fibers (shaded) having diameters of 2 ym, and
situated at the edge of a fiber bundle. Aggregated polymer development is shown start-
ing in insert B and causing fiber bundle expansion in insert C. Tiny circles are polymer
particles and dashed circles are monomer droplets. Particles are drawn slightly larger
than to scale to enhance visibility.



float but also preferentially in the matrix within fiber bundles, near individual
fibers (shaded) which, as pictured, have diameters of approximately 20,000 A
The overall scale here is only approximately correct (3, 45). Preferential initial
growth in the matrix is required because it is known (2, 9) that persulfate ions mi-
grate rapidly to positions within the matrix. Particles then grow, insert B, being fed
by diffusion from micron size droplets (dashed circles) of monomer which
decrease in size as polymerization continues. Particles in the leather become
unstable and coagulate, forming adhering islands between the individual fibers.
At saturation, insert C, fiber bundles have increased in size because of massive
packing of polymer between fibers as shown. Polymerization now takes place
rapidly in the float. Monomer droplets by this time are small and finally vanish at
the end of polymerization. The development of layers (Figure 6, insert ) and the
formation and migration of occluded radicals can best be seen in Figure 13. In-
sert 1 shows (braces) sections consisting of an assembly of fiber bundles situated
near the edge of a panel. Polymer aggregates start to form in the bundle around
fibers, and increase in size (inserts 2 and 3). Buried (occluded) radicals (dots) also
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FIGURE 13. Schematic diagrams representing the deposition of polymer in leather as a function of
time (time increasing, 1 to 5). Diagram represents individual fiber bundles selected at
different positions in the layered region (the region in braces). R, is the rate of fiber fit-
ting; R, is the rate of fiber expansion. R, exceeds R, in inserts 1, 2, 3, but is exceeded
by R,y in 4 and 5.



accumulate. Monomer diffuses through the polymer layer to the occluded radi-
cals and polymerizes (insert 3), thus expanding the bundles (inserts 3 and 4). In
this fashion the polymer layer (brackets) grows in size while the occluded radical
population is swept toward the panel edge because of greater resistance of mono-
mer diffusing toward the interior. Finally (insert 5), polymerization actively is
transferred to the float where polymerization continues at a fast rate because of
the large number of active centers and layer growth ceases. This morphology will
be confirmed in the next paper (13). Bound polymer in this scheme would result
from polymer-to-polymer chain transfer to yield insoluble cross-linked polymer
(observed, 20 to 50 percent of bound (1) ) and by strong adsorption and entangle-
ment at the large fiber surface. It is also at this interphase that most of the truly
grafted polymer would form. Immobilization of relatively thick polymer layers
(5,000 X) near surfaces that then can resist removal by solvation, have been
reported (14c).

Summary

From data on composite materials made by polymerizing three acrylate mono-
mers (MMA, BA + MMA, BA) into cattlehide by two processes, it was con-
cluded that grafting played a minor role in forming the considerable amount of
bound polymer observed. In the emulsion process developed at this Center, de-
clining bound polymer efficiency and branching frequency as monomer amount
was incrementally increased to very large amounts provided strong evidence that
graft polymerization did not control the mechanism. Support for this was obtained
from kinetic constants for change in reaction variables which favored an emulsion
process that became unstable. As an alternative, a deposition mechanism for the
aqueous process was suggested, involving the aggregation of growing polymer
particles from emulsion to form macrodimensional layers near the surface of
fibers, fed by diffusing monomer to occluded radicals to continue deposition and
expand the leather. The relation of this mechanism to that of simple impregna-
tion of preformed polymer was demonstrated. Bound polymer present in leather
apparently resulted from polymer-polymer crosslinking in confined spaces and
from strong immobilization of multilayer adsorption and minor grafting to fiber
surfaces. The bulk-solution process also studied in this work was designed to pro-
duce composite materials having different densities and mechanical properties.
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