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By Charles E. Weir 

From isothermal m easurements of th e rate of shrinkage of tendon collagen, it is con­

cluded that shrinkage is a rate process in vol ving a reaction of first order . The effects of 

ten sion an d length of soaking before shrinkage a re s tudied. Average values of heat, entropy, 

and free energy of shrinkage of untreated tendon are ob tained by app lication of t he theory 

of absolute reaction rates to t he data. These values are found to be 141 kcal/mole, 349 call 

mole deg, and 24.7 kcal /mole at 60° C, respectively, with standard deviations of 15 kcal/mole, 

43 cal/m ole deg, and 0.6 kcal/mo.le at 60° C, respectively. Measurem ents of shrinkage tem­

peratures are discussed. The effects of pH, salt, tanning, and pretannage t reatments on 

the Itctivation process are studied. Heat, entropy, and free energy decrease in acid and 

alkaline media. Salt solut ions cause a decrease in heat and entropy but an increase in free 

energy in concentrated solutions. The effect of salt and acid in combination is complex, but 

in concentrated salt solut ions an increase in free energy is observed. All tannages investi­

gated, with t he exception of chrome tanning, appear to reduce t he en tropy more than the 

heat, t h ereby increasing t he free energy. Chrom e tann ing increases heat, entropy, an d free 

energy markedly. An interpretation of the results is given. 

1. Introduction 

The shrinkage of leather and collagen , when 
h eated in an aqueous medium, has been the 
subject of extensive investigations. The history 
of such studies is outlined adequately by :Mc­
Laughlin and Thois [1]1 and Hobbs [2]. The 
m easurement of shrinkage temperatures consists 
of hoating a water bath containing the specimen 
and observing the temperature at which ini tial 
hrinkage occurs. The dimensions of the test 

specimen and the rate of heating are prescribed 
[3]. Theis and Schaffer [4], lacking a reliable 
analytical method for determining formaldehyde 
combined with collagen, proposed the measure­
ment of the temperature of initial shrinkage as a 
m easure of the degree of " leathering." Recent 
investigations by Bowes and coworkers [5] have 

I Figures ill brackets illd icatc the literatw'e references at the elld of this 
paper. 
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shown that increased chrome conten t resul ts in 
increased shrinkage temperaLure. 

Theis and coworkers [6 , 7, ] and Chatel' [9 , 10] 
have investigated many factors that influence 
shrinkage temperature bu t, as far as can be ascer­
tained, aU investigations, with one exception , were 
concerned with the initial appearance of shrinkage 
under conditions of con t inually increasing tem­
perature. The shrinkage t emperature of cluome­
tanned leather is generally found to bo above 
100 ° C , and therefore it cannot be attained with 
an ordina,ry water bath. Chatel' [11], Harnly and 
Parker [12], and Merry [1 3] have published data 
showing that cluome-tanned leather having a 
shrinkage temperature exceeding 100° C will 
shrink progressively if the temperature of the bath 
is maintained at 100° C for a period of time. 
Chatel' [14] has presented evid ence that the 
amount of sm:inkage is a function of the initial 
temperature of the bath. Critical examination 
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of the foregoing results tends to indicate that 
shrinkage does not occur at a fixed temperature, 
although shrinkage has been regarded as analogous 
to a phase change occurring at a fixed tem­
perature [15]. 

Recent measurements at this Bureau [16] of the 
expansivity of leather and collagen showed that 
shrinkage occurred at a temperature many degrees 
lower than that ordinarily measured as the 
shrinkage temperatures of the specimens tested. 
These measurements proved that the apparent 
shrinkage is a result, of anistropy of the material 
and that, \he net change results in an increase in 
real volume . One measurement made during 
shrinkage showed that the volume change approxi­
mately followed the first-order rate equation . 
This investigation was performed by obsE'l'ving 
specimens in thermal equilibri um with water over 
long periods of time. The results indicated that 
there was no fixed temperature that might be 
called the shrinkage temperature, but rather that 
shrinkage was a rate process occurring over a 
range of temperatures. In the previous investi­
gation involving dilatomCtric techniques, it was 
not possible to detennine the temperature coeffi­
cient and the related thermodynn,mic quantities 
of the rate process, and th e present series of 
studies was initiated. 

The present investigation, utilizing tendon col­
lagen as the experimental material, shows that the 
shrinkage phenomenon is a rate process having an 
extremcly high temperature coefficient, measure­
ments being possible over a temperature interval 
of approximately 10 to 15 deg C. The heat , 
entropy, and free energy of acti.vation of the shrink­
age process have been evaluated for untreated 
tendons and for tendons su bj ected to processes 
commonly u sed in the tannery. 

II. Apparatus and Method of Measure­
ment 

The equipment required for the measurements 
consisted of a temperature-controlled water bath, 
suitable devices for suspending the speeimen, and 
a eathetometer for measuring the length of the 
specImen. 

The water bath was improvised from a cylindri­
cal glass aquarium, 12 in. in diameter and 18 in. 
in depth. The bath was equipped with a con­
trolled intermittent heater of 500-watt capacity, 
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a variable continuous heater of I ,OOO-watt capae­
ity, a thermoregulator of the toluene-mercury 
type, and an electrically driven stirrer. The 
thermostat was capable of maintaining any desired 
temperature between 30° and 95° C to within 
±0.1 ° C. At temperatures exceeding 65° C, the 
surface of the water was covered wi th a layer of 
light mineral oil to reduce excessive evaporation. 

A glass eylinder, closed at the lower end, was 
clamped in the bath ill an uprigh t position. The 
cylinder was a 500-ml graduate and was closed 
at the top with a t \Vo-hole stopper containing a 
thermometer and a glass rod. The thermometer, 
which was graduated to 0.2° C, was placed to 
record the average temperature of th e specimen 
dw-ing sbrinkage. The specimen was bound to 
the glass rod by fine copper wire and was placed 
under tension by the addition of a weight at the 
lower ertd. The weight was made up of an 
"alligator" clip to which was fastened a brass 
weight. The ,veigh t was essential to prevent 
ew-ling of the specimen during the initial stages of 
the shrinkage. The effect of the weight will be 
described later. 

Measurements of length were obtained with a 
cathetometer graduated to 0.05 mm. Readings 
were made of the h eights of the wire at the top of 
the specimen and the jaw of the "alligator" clip 
where it clamped the specimen. 

Test specimens consisted of kangaroo tail ten­
dons, whi.eh were approximtely 1 mm in diameter. 
These tendons represent nearly pure collagen in a 
highly oriented form [17]. The tendons had been 
subj ected to no chemical treatment. A confining 
sheath, whi.ch is occasionally found on some ten· 
dons, was found to restrict shrinkage and was 
therefore removed prior to test. 

Measurements were mad e as follows. The 
graduate was filled with distilled water, and the 
bath was adj listed to the desired temperature. 
A length of tendon (approximately 10 em and ex­
cluding ends of tendons, which give erratic results) 
was fastened to the glass rod , and the alligator 
clip with its appended weight was clamped to the 
bottom of the specimen. The assembly, consisting 
of rod, tendon , stopper , and thermometer, was 
then inserted into the graduate, and the stopper 
was sented securely. At the same instant a stop­
watch was started. An initial reading of tbe po­
sition of the jaw of the "alligator" clip was made 
as rapidly as possible, that is, within 5 sec. This 
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readi ng represen Ls the position of the bottom of 
the specimen at zero time. The position of the 
top of the specimen was thell1'ecorded, and further 
readings were made of the position of the alligattlr 
clip unti l shrinkage ceased. The rate of shrinkage 
varies with time and temperaturc, and the inter­
val beLween readings was varied . Numerous read­
ings were made in the region of half-shrinkage to 
permit accurate interpolation of the data. 

III. Results and Discussion of Measure­
ments on Untreated Tendon 

1. Shrinkage Curve 

Routine measurements we1'e made on specimens 
thaL had been soah:ed in waleI' at 5° C prior Lo 
testing. The results obtained on shrinkage at 
60° C of specimens soaked for varying periods of 
time are shown in figW"e 1. In this figure Lhr 
residual lengths in cent imet c'rs, that is, Lhe lengths, 
l, at timr, t, minus the fu lJy shrunli::rn length, Z"", 
are plotted as ordinate and th e t ime in minutes as 
the abscissa . Coord inates of tll is nature were 
chosen in analogy wi th applicat ions of the first­
order react ion equation. Tl1C curves illustrate the 
effect of varying Lhe length of soaking periocl 
prior to shr inkage. It is obsrrvecl thaL Lhe dry 
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FIC:URE 1. Effect of length of soaking on shrinkage. 

&. Soaked 0 br: (). soaked 1 hr; __ • soaked 2 hr: O. soaked 24 hr. 

sprcimen elongates before shrinkage occurs, prob­
ably because of absorption of water. No pre­
liminary elongation is observed after soaking for 
1 hr or longer. Relatively little change is to be 
notrdin ('ithrI" shape or position of the curve 
aiLrr the I-hr soaking p('riod. All subsequent 
meaSUl"l'ments W0re made on tendons that were 
soak('cl in distilled water at 5° C for 24 hI' prior 
to L('st. Thi s procedure was adopted for COll-
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veniellce, incr eq uiiibrium appear LO be aLLained 
in Lhis p('I"iod, and specimens prepared one day 
may be tesLed Lil(' follo'wing day. 

In fig ure 2, typical shrinkage curves aL variolls 
temperatlU"es are shown. The effect of a few 
degrees variation in temperature is pronounced. 
I n general, it has been found that a 2-deg rise in 
temperature results in approximately a twofold 
increase in rate of shrinkage. This b('havior 
differs from that of most ordinary chemical J"enc­
tions in which a tcmperature rise of 10 deg C 
approximately doubles the speed of t he reaction. 

The curves of figure 2 indicate that shrinkage is 
not a simple process . The shrinkage is seen to 
accelerate initially, to reach an approximately 
constant rate, and then to decelerate . As shown 
by the figure, the periods of acceleration and 
clecekration are shortened as the temprratul"e 
increases. 

7 

6 

3 

2 

o 

~F--
~ t--t-e. 

o 

J's 1"--
~ 

\ ~ r--.. 
\ ~ 

""'" ~ 
1\ 

\ 1 \ 

~ b... r-(>-.. 
10 20 30 40 50 

TIME. MINUTE S 

Fir-UUE 2. E:D'ect of temperature on shTinkage . 

• • 58.4 ' 0; O. 60.1' 0; () . 62.0' C. 
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Following complete sllrinkage another process 
occurs, which is not shown in the figure, since it 
is beyond the scope of this investigation. This 
process involves reelongation of the shrunken 
collagen and is presumably assoc iated with solu­
tion of the shrunken material, weak:('ning of the 
str ucture, and resul tant stretching . . This process 
is of concern only in that it serioLlsly limits the 
range of measurements, rendering impractical any 
measurem ents requiring more than a few hours. 

2 . Characteristics of Shrinkage 

The mechanism of shrinkage, as related Lo the 
structure of collagen, is of great th eoretical in­
terest but is beyond the scope of this investigation . 
Observations made during shrinkage may give a 
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clue to the mechanism. A tendon, when first 
immersed with the bath at a temperature that 
causes a moderate rate of shrinkage, is completely 
quiescent. The finely corrugated r egular surface 
of the original tendon gradually becomes slightly 
distorted at fixed points, the distortion being 
caused by tiny nodules that are formed inside the 
tendon. The formation of nodules marks the 
onset of shrinkage. A nodule grows internally, 
produces a large lump, and then appears to gelat­
inize and form a gelatinous ring around the ten­
don. The gelatinous ring is invariably oriented 
at an angle of approximately 30° with the axis of 
the tendon and is of a much larger diameter 
(two to three times) than that of the tendon. 
Tendon adjacent to the gelatinous ring appears to 
be pulled into the ring from both directions. 
Nodules, which appear to be formed at a rate 
proportional to the temperature, grow, coalesce, 
and thus cause shrinkage. Most shrinkage is 
associated with nodule formation and growth, and 
it is most probable that the transformation of the 
adjacent tendon into gelatinous material is of 
minor importance in causing shrinkage. The 
drawings in figure 3 illustrate the course of the 
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FIGURE 3. Behavior of tendon during shrinkage. 

shrinkage. These observations are remarkably 
similar to photographs made of sllTinkage of fibl'ils 
of submicroscopic dimensions by Nutting and 
Borasky [18] . 

3. Effect of Tension on Shrinkage 

Measurements were made to determine the 
effect of tension on the experimental results. 
Shrinkage tests were made by using weights of 
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3.6, 14 .4, and 40.2 g. on the tendons. The results 
of these m easurements at 65.3 ° C are shown in 
figure 4, measurements at other temperatures 
yielding comparable results. It is noted that in­
cr~asing tension apparently causes decreased rate 
of shrinkage and an increasing induction period. 
This effect will be discussed subsequently. 
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2~---+~~-4.+----~------r_--~ 
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FIGURE 4. Effect of tension on shrinkage. 
() , Load 3.6 g, 65.3°C ; 0 , load 14.4 g, 65.2°C; e, load 40.2 g, 65.4°C . 

4. Mathematical Treatment of Results 

(a ) Ra te Constants a nd Heat of Activation 

The results shown in figures 1,2, and 4 indicate 
that, except at low temperatures, where shrinkage 
is quite slow, the shrinkage follows approximately 
an exponential function of the time after a period 
of induction. Such a relationship may be written 

l=(lo- loo)e- Kt + loo , (1) 

where l is the length of tendon at time t, Zoo is the 
completely shrunken length, lo is the initial length, 
and K is the rate constant for the shrinkage. 
Equation 1 is of the form of a first-order equation 
[19]. If such a process is investigated, a graph of 
log (l-Z oo ) as ordinate and t as ab cissa will yield 
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FIGURE 5. First-order plot of shrinkage data. 
ct , Load 3.6 g, 65.3°0 ; 0, load 14.4 g, 65.2°0; e . load 40.2 g, 65.4 °0. 

a straight line of slope - K. Figure 5 shows the 
results given in figure 4 plotted in this manner, 
and it is seen that following a period of non­
conformity, approximate lineari ty is obtained. 

Objections to the use of rate con tants obtained 
in this manner are as follows: (1) Graphs of data 
at lower temperatures show negligible linearity 
and, therefore, do not yield values of K. This 
behavior is probably related to the fact that a 
physical measurement of length is being utilized 
to follow a complex ch emical process that probably 
involves consecutive reactions. (2) At higher 
temperatures adequate lineari ty is attained, but 
shrinkage occurs so rapidly that it is difficult to 
obtain sufficient data to permit accurate evalua­
tion of K. Therefore a more useful measure of 
the rate of the reaction has been utilized, the time 
of half-shrinkage, designated by tl /2 and defined as 
the t ime, t, at which the length of the tendon, l, is 
equal to (lo+ loo )/2. 

Let the energy, or heat, of the activation pro­
cess be f:.H. Then the temperatme dependence of 
K [19] i given by the equation 

(2) 

where in addition to previously defined terms, R 
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is the gas constant, Tithe ab olute temperature, 
and C is a con tanto A similar relationship holds 
if In (l l t *) is substi tu ted in eq 2 for In K, w'here t* 
is defined · to be any corresponding time in the 
comse of the reaction. The corresponding time 
is taken to be a measm e of the extent of the 
reaction, and in the present study the time corre­
sponding to half-shrinkage t~ is used . Since the 
evidence that has been presented indicates that 
the shrinkage follows, in part, the law of a fir t­
order reaction and, since it has been found that in 
general protein denaturation follows this law [21], 
it is assumed that the shrinkage process is a dena­
turation r eaction of first order and that the times 
of half-shrinkage obtained from experimental data 
represent times of half-chemical r eaction. It is 
seen from eq 2 that the latter portion of the 
assumption is unnecessary to obtain correct 
value of f:.H. It will be required, however, in 
the theory of absolute reaction rates to obtain 
entropy and free-energy values. 

The validity of use of t~ is justified by linear­
ity of graphs obtained by plo t ting log (1 lt~) as 
ordinate and l i T as abscissa. The linearity ob­
tained implies either that t~ is a true measure 
of a corresponding point in the r eaction or that 
f:.H and t y, vary in a complicated manner to 
produce linearity. The latter possibility is remote 
and therefore rejected as improbable. Values of 
ty, may be obtained readily by interpolation of 
data and will be used hereafter to characterize 
the reaction velocity . Values of t.H will be 
obtained as the slopes of lines obtained from 
graphs of log (l l ty, ) and l IT as described later . 

(b) Entropy and Free Energy of Activation 

The shrinkage process can be m easured only 
over a short temperature range, which implies a 
large heat of activation. On the basis of the 
theory of absolute reaction rates [20], in order for 
such a process to occur with measurable velocity 
at ordinary temperatures, a large entropy increase, 
f:.S, must be associated with activation. In other 
words, the free energy of activation, I1F, defined 
by the relationship, 

f:.F= f:.H- Tf:.S, (3) 

must be of a much smaller magnitude than f:.H. 
To obtain these quantities from the experimental 
data, use was made of the theory of absolute 
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reaction rates. The fundamental equation of 
this theory is 

(4) 

where J{ is the reaction velocity constant, k, 
Boltzmann's constant, h, Planck's constant, T, 
the absolute temperature, [(', the equilibrium con­
stant of th e reaction involving formation of an 
"activated complex," and K, the t ransmission 
coefficient. This factor will be constant under 
the conditions of this experiment, and in the 
a~sence of information concerning i ts magnitude, 
WIll b e assumed to be unity . As this reaction 
involves disorganization of th e structure of 
collagen and therefore may be consid ered to be a 
decomposition, K probably is approximately 1 
[2 0]. If the term in Kis included it will represen t 
an uncertainty in /:::"8 but will have no effect on 
/:::"H, as will b e seen by a consideration of later 
equ f!t ions. 

Substitll t ing for K' in eq 4 from the relationship 

/:::"F=-RTln K ' 

.we obtain an equal ion relatin g K and F, 

kT -t,F /RT . 

K = h e 

Substituting for' /:::" Ffrom eq 3, 

(5) 

(6) 

(7) 

To obtain a relationship involvir'cg t", in place of 
K for r easons previously enumera ted, assuree the 
equation 

(8) 

Solving eq 9 and 7 for /:::"8 the two following 
results ar e obtained: 

/:::"8= 2.303R [log k~+log t~ + log 0.6932] + /:::,,7 
(10) 

/:::,,8= 2.303R [lOg l:~+ log K J+~¥' ( 11) 

Equation 11 will yield the absolu te value of 6.8 
for tho activation . . The essential difference b e­
bct\vecn eq 10 and 11 lies in the propor tionality 
factor 0.6932 of eq 10. Assuming the value of 
0.6932 is in error by a factor of 1,000, an uncer­
tainty of only 13.8 cal /mole deg in /:::"8 r esults. 
~ corresponding uncel'tainty of only 4.6 kcal /mole 
111 values of /:::"F at 60 0 C is obtained. D erived 
values of /:::"l-{ will be unaffec ted by uncertainties in 
the relationship between R and t v] . It seeiUS, 
th erefore, that /:::"8 and /:::"F obtained thl'ough use 
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The cons tant 0.6932 conesponds to the n umer­
ical relationship betw'ccn K and t,,, for first-order 
rcact.ion s [19J. Substituting into eq 7 and r e- -17.0 r---+-----1\--\\----\l----~ 
al'rangiJlg, the following r ela tionships are ob tained : 

O·6932h 
lc Tt y, 

- t.F/RT - (~H/RT- t,S/R) 

e = e (9) 

By tuh:ir g logarithms of these equations, i t is 
seen that a graph of log 0.6932h/lcTt }2 and l iT 
yields a line that has a slope and intercept pro­
portior.al to /:::"Il and /:::"8, r espectively. 

22 

-1 8.0 ...... ___ ......I. ___ ....L....J.~_L..l. __ ..J 
280 290 300 

I/TXI0 5 

310 320 

FIGURE 6. Applicati on of absolute reaction ?'ate theory to 
data. 

~, 14,4 g, l( values; e, 3.6 g , T Y, values; 0 ,14.4 g, T Y, values; ct, 40.2 g , T Y, 

values. 
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or: t ~ values may be considered to be good ap­
proximaLions to the absolute values of 1::.8 and I::.F. 

It will be noted that the transmission coefficient, 
K, would appear in an added logarithm term in eq 
10 and 11, and unless K differs appreciably from 
unity, would have little effect on 1::.8. 

The results obtained under three different ten­
sions are shown in figure 6, graphed in accordance 
with eq 9, log 0.6932h/k TtFl being plotted as ordi­
nate and l /Tas abscissa. In addition, the reaction 
velocity constants of the measurements with the 
14.4-g weight were obtained graphically and are 
plotted in accordance with eq 7. In the latter 
graph only three points are obtained, since no 
linearity and no velocity constant were obtained 
at the lowest temperature. The results for I::.H 
and 1::.8 shown in table 1 were obtained by appli­
cation of least squares to the data shown in figure 
6 and are considered to be in fair agreement. In 
practice it was observed that use of the largest 
stress greatly reduces the temperature range in 
which linearity may be found in a firsL-order 
application. Consequently, it is believed that th e 
apparent deviation from the first-order reaction 
is in some manner related to initial stresses existing 
in the teneLon from internal and external forces as 
well as to the method of measuring the course of 
the reaction Lhrollgh th e change in length . 

T ABLE l. Effect of tension on activati on constants 

Dat" used Entropy or Free energy 
H eat oracti· of activation Load fo l' vaLion . a ll activation, at 60° 0, calcula tion flS .6.Fco 

-------------
y "ca'/mole callmole dey "callrnole 

3.6 t), 136 330 26.2 
14.4 t» 136 334 24.8 
14.4 J( 113 277 20.8 
40.2 t» 154 335 2.1.8 

The results of figure 6 indicate a trend toward 
higher temperatures under larger tension. The 
increase in shrinkage temperature under tension 
has been reported by Wohlisch [15], but the experi­
mental variation is such that the differences noted 
in figllre 6 may be due to sampling. 

5. Heat, Entropy, and Free Energy of Activation 
of Untreated Tendons 

The results of measurements of thermodynamic 
acLiva lion constants of various ba tches of tendons 
in disLilled water (pH 6 to 7) arc shown in table 2. 

Shrinkage of Collagen 

Values of I::.H and I::. were obtained by applieaLion 
of the least sq uares to daLa con isting of t" and 
1/ Tvalues. Valu es of I::.F6o were obtained by u e of 
results for I::.H and 1::.8 and appli caLion of eq 3 and 
are calculated at 60° C. This temperature wa 
chosen since rapid shrinkage of tendons occurs at 
60° C. All measurements were made using the 
14.4-g weight . 

TABLE 2. A cti vati on constants of tendon collagen 

Entropy or Free energy or 
H eat of aeti ,-ation, '" H activation, activatio n at 

flS 60° 0. flF" 

kcnllmole cal/rnole lieo kcallmole 
136 334 25.0 
136 330 25.2 
145 361 25. 1 
168 431 24.7 
152 383 24. 8 
141 348 24.9 
120 292 23.2 
128 3 13 24.4 

A "crage _______ .. ____ 141 

I 

349 

I 

24.7 
Stand ard deviation __ 15 43 0.6 

It is found that, although I::.H varies between 
120 to 170 kcal/mole and 68 between 290 to 430 
cal/mole deg. , the values of 6F60 remain substan­
tially constant at approximately 25 kcal /mole. 
The size of the values of 6H and 1::.8 are indica­
tive of chemical reactions involving large molecules 
and agree in magnitude with similar valu es previ­
ously obtained for denaturation of soluble pro­
teins [21 ]. The h eat of activation is probably 
identified with rup ture of bonds during activation. 
The entropy change is probably associated with a 
marked disori entation occu rring in th e process of 
activation. The variation observed in these 
values may be due to varying stress caused by 
different cross-sectional areas, as indicated by 
figure 6, to varying degrees of crystallinity or 
bonding in different specimens, or to experimental 
errors inherent in determination of quantities of 
such magnitude. 

The process of shrinkage may be assumed to be 
represented by the following reactions: 

Collagen ApCoUagcn B -7Collagen C. 
(inactive) (activated) (shrunk ) 

(comp lex) 

The heat, entropy, and free energies obtained re­
late to the equilibrium process on the left. A 
measure of the position of this equilibrium is gi yen 
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by llF, as shown by eq 5, which relates llF and 
the equilibrium constant of this process. The 
value of llF is then considered to be a measure of 
the temperature interval of shrinkage, as the con­
centration of collagen B will be determined by the 
value of llF in conformity with eq 5. 

6. Measurement of Shrinkage Temperatures 

The foregoing results show that a true shrinkage 
temperature does not exist, since the process in­
volved is a rate phenomenon. The high heat of 
activation, however, is probably responsible for 
the fact that shrinkage has heretofore not been 
recognized as a rate process and to a large extent 
minimizes errors in measurements of shrinkage 
temperatures. However, interpretation of shrink­
age as a process occurring at a fixed temperature 
is subject to all errors inherent in interpreting a 
rate phenomenon as a fixed temperature process, 
plus an additional serious error related to the fact 
that the rate of shrinkage initially accelerates 
from zero. 

By defining the end of the acceleration period as 
that time at which adherence to the . first-order 
equation begins, it has been ascertained that it has 
a temperature coefficient approximately equal to 
that of the shrinkage reaction, that is, llH ~ 130 
kcal/mole. This means that the initial process is 
actually a portion of the shrinkage, and it will 
invariably cause a .shrinkage temperature meas­
urement to yield too high a temperature, that is, 
a positive error. 

Specimens contained in a water bath heated at 
the rate of 2 deg C/min will necessarily remain 
at a temperature lower than that of the water. 
This consideration also leads to a positive error. 

Dry specimens, when immersed in the bath 
require much longer periods of time before initial 
shrinkage than specimens that are soaked prior 
to test. A shrinkage test specimen placed in a 
bath and tested immediately may give a high 
result. 

All experimental results indicate positive errors 
in measurements of shrinkage temperatures, and 
the results obtained from these measurements 
are doubtless too high [16J. For ordinary test 
purposes, it is believed tha.t the present method 
[3] is adequate, since it is very doubtful if the 
error can exceed 5 deg C. For precise work, 
however, the method leaves much to be desired. 
In such instances it should be possible to define 
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shrinkage temperature in either one of two ways: 
(1) prescribe a permissible change in surface area 
of a specimen of known area subjected to a fixed 
temperature for a specified length of time, (2) de­
fine the shrinkage temperature as that tempera­
ture causing half-shrinkage in 1 min. The first 
method of definition would require no apparatus 
other than that normally found in any laboratory. 
The latter, however, would necessitate rate meas­
urements and is less preferable experimentally, 
although more desirable thermodynamically since 
it, in effect, specifies llF and therefore K' (eq 5). 

IV. Results of Measurements on Treated 
Tendon 

1. Effect of pH of Equilibrium Solution 

Initial attempts to evaluate thermodynamic 
activation constants of tanned tendons led to 
erratic and inexplicable results. As tanning in­
volved occasional use of extreme pH values, it 
was decided to ascertain the effect of pH on the 
activation. In these experiments, the low pH 
values were obtained with sulfuric acid and the 
high pH values with sodium hydroxide. All 
specimens were allowed to equilibrate in the 
solution of desired pH for 24 hr prior to test, and 
the measurements were made by using the equi­
librium solution as the confining liquid. A large 
excess of liquid was used in every test. Extreme 
acid and alkaline pH values caused enormous 
swelling of the tendons, and early results showed 
the advisability of subjecting such specimens to 
refrigeration at all times prior to testing. Results 
of these tests are shown in table 3 and figure 7. 
Table 3 shows that h eat, entropy, and free energy 
of activation decrease in acid and alkaline solu­
tions. Attention is called to the two latter values 
of the table. These values represent results ob­
tained on tendons that had been subjected to the 
extreme pH values and then leached with water 
until all acid or alkali was removed. It is ob­
served that substantial recovery of the initial 
state has been obtained. This result is important 
since it justifies the use of acid or alkali in the 
tanning process, provided thorough washing is 
effected. 

The nature of the shrinkage of highly swollen 
tendons differs from that of normal tendons in 
that the acceleration period is negligible and possi­
bly entirely missing. There is considerable 
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FIGURE 7. Effect of pH on heat and entropy of activation. 
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deviation from linearity uncler these conditions 
in the graph of log 0.6932hlkTt '12 versus l i T in the 
lower temperature ranges. It appears probable 
that linearity is the limiting condition occurring 
at high temperatures. In figure 8 the linear plots 
are shown from which the data of table 3 were 
obtained. 
T ABLE 3. Effect of pH on activation constants of tendon 

collagen 

pH 
Heat of 

act ivation, 
AH 

Entropy of Freeenergy 
acti vatioD, of :tc~~';,agon 

LIS LI F" • 

--------.-- ---------------

1.8 ............................... . 
3.0 ............. . .............. ... . 
3.6 ............................. .. . 
4.2 ............................... . 
6.8 ............................... . 
7.2 ............................... . 
10.8 .............................. . 
12.5 .............................. . 
1.8 leached with water to 7.2 .... .. 
12.5 leaebed with water to 7.3 .. .. . 

kcal/mole 
67 
79 

141 
145 
168 
152 
132 

77 
142 
125 

cal/mole dey 
150 
175 
363 
368 
431 
383 
327 
177 
358 
305 

kcal/mole 
17.4 
20.6 
19.8 
22.5 
24. 7 
24.8 
23.5 
18.4 
23.3 
23. 0 

Figure 8 shows indirectly that as the pH varies, 
the range of temperatures in which measurements 
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• • pH 1.8; (). pH 3.0; e. pH 3.6; 0 . pH 4.2; O. pH 6.8; 4). pH 7.2; O . pH 
10.8; Q . pH 12.5 

can be made, that is, the shrinkage "temperatl.U'e" 
her eafter denoted as Ts and defined as that 
temperature causing half-slll'inkage in 1 minute, 
varies in direct proportion to tJ.F60 • The variation 
of Ts with pH is shown by the shift of the linear 
plots parallel to the l i T axis. This finding is in 
agreement with observations made by Theis [6]. 

The dependence of the activation constants on 
pH implies that activation involves reaction with 
or loss of hydrogen ions [20]. The neglect of the 
role of H +, implicit in application of the absolute 
r eaction rate theory without considering the re­
action of H +, is equivalent to choice of variable 
standard states as regards hydrogen-ion concentra­
tion. Further measurements on the effect of 
pH on activation may be expected to yield valu­
able information concerning the nature of the 
activation process. 

2. Effect of Sodium Chloride 
Since salt. is widely used in the tanning process 

as a swelling deterren t, it is of interes t to ascertain 
the effect of salt on the activation constants. 
In these tests the pH was maintained at approxi­
mately 6.2, adjustments being made with dilute 
sulfuric acid when necessary. Solutions were 
made by weighing the desired quantity of chemi­
cally pure sodium chloride (NaCl). T endons 
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were soakf'd in the solu tions for 24 hI' prior to test 
and tested with the equilibrium solution as th e 
confining liquid. R esults of these tests are shown 
in table 4 and figure 9. 
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FIGURE 9. Effect of sodium chloride on m te of slu'inkage, 
pH 6.3. 

0. 0.05 M; ~. 0.1 .U ; • • 1.0 M ; $. 2.0 M; et. 4.0 M; e . saturated. 

TABLE 4. Ejfect of sodium chloride on activation of tendon 
collagen 

lieat of Entropy of F ree energy 
Concentration of .\cidit :. , act iva- act ivation, of acti va tion 
sodium chloride pH tion, .6. 11 I1 S at 60° C. 

I1F60 
----_. 

mole/liler kcal/rnole cal/mole dey kcal/m ole 
0.00 _ .............. __ •. . _ 6.0 141 349 24.7 

.05 ... _ .... . ........... . 6.3 ]19 285 n.8 

.1. ... _ ........ . ....... _ 6.2 95 217 23.2 
1.0 ... __ . _. _____ .....•.• _ G.3 93 213 22.4 
2.0 . __ ....... __ __ .• __ ... _ 6.2 83 176 24. 1 
4.0 . _ ........• __ ..... .... 6.1 87 185 25. 8 
Saturated ............. __ 6.0 75 149 25.3 

It is observed in table 4 that tJ.H and tJ.S 
decrease with increased concentration of sodium 
chloride with one exception, that is, 4 M sodium 
chloride. This excep tion , however , lies well 
within the limits of variation noted for untreated 
tendon. The value of tJ.F60 remains substant ially 
constan t but appears to proceed through a mini­
mum in the region of 1 J.11 sodium chloride. The 
variation of tJ.F60 is beyond the experimental 
variation and is probably r eal. In figure 9 it is 
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noted that Ts likewise reaches a minimum in this 
region of concentration of sodium chloride. This 
result corroborates findings by Theis [6]. 

3. Effect of Pickling 

The effect of a combination of acid and sodium 
chloride was determined in a similar manner. One 
concentration of acid was used, fmd the salt 
content was varied. Sulfl1l'ic acid of pH 1.8 was 
used because of the low activation constants 
observed at this pH and the facL that maximum 
swelling of collagen occurs in this r egion of pH, 
as shown by Highberger [22]. T endons were 
soaked in the solutions for 24 hI' and tested using 
the equilibrium solution as the confining liquid. 
D esired con centrations of sodium chloride were 
obtained by weighing chemically pure NaCl. 
The results of these tests are given in table 5 and 
fLgure 10. 

- I 3.0 ... -,..,-----n--r-,.--.;:----rr--,------,---,---, 
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FIGURE 10. Effect of sodium chloride on rate of shTinkage, 
pH 1.8. 

et . 0.1 M; • • 0.5 M; 0. 1.0 M; ~. 2.0 ]'J; () . 4.0 M; e. saturated. 

T ABI.E 5. Effect of acid and sa ft on activation constants of 
tendon coli a gen 

Concentration of Acidity H cat of Entropy of Free energy 
activatioll, act ivation, of activation sodium chloride pH I1H AS at 60°C. I1Foo 

M ole/liter kcal/mole cal/mole deq kcol/mole 
0. 0 ___ ................. _. 1.8 67. 0 150 17. 4 
.1_ ...... .... _ ..... _ ... 1.8 3 1. 2 56.2 12.4 
.5 ______ --- ------- ----. 1.8 ]39 3G9 16.3 

1. 0 ........ __ ...... _. ___ . 1.8 126 310 23.3 
2.0 .................. _ .. 1.7 l 6 1 405 26.2 
4.0_ .... _ ... _ ...•........ 1.8 133 324 29.9 
Saturated _ .•. _. _. ____ ... 1.8 1O~ 212 29.1 

It is of in tel'('st to compare' these values wi th th e 
results previously obtained with sulfuric acid and 
sodium chloride individually. Bearing in mind th e 
exp el'imenta.l variation previously ob tained with 
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untrea Le d tendons, t he ge neral trends with incr eas­
ing concentration of sod ium chloride appeal' to be 
as follows: (1) t::,.H increases, passes through a 
maximum, and then decreases, (2) t::,.S follows a 
s imilar b ehavior, (3) t::,.Ji'60 appears to increase 
monotoni cally. Comparin g these res ults with 
t h ose obtained previously, it is seen that the 
behavior of the combinaLion of sod ium chloride 
plu s ulfuric ac id toward collagen is not a simple 
additive property of the individual efl'eets. The 
r esults indicate that pickling is complex in nature 
and po sibly involves two competi t ive reactions 
involving collagen, sulfuric acid , and sod ium 
chloride. 

It is known that acid and salt individually cause 
swelling of collagen [22 , 23]. It was observed that 
th e swelling caused by 0.1 iVI sodium chlor id e in 
s ulfuri c acid of pH ].8 was Jar greater than that 
r eslii t ing from sulfuric ac id of pH 1.8 alone. This 
is probably the cause of th e' low con stant found 
fOI' the 0.] M sod i um chlorid e solution of pIT 1.8. 

4 . Effect of Tanning 

Tanning of the tendon ha s presented difficul­
ties, parti cul arly in view or th e fact that extrallC'OU 
rna king salts arc undes irable because t h ey may 
in t roduce unknown efreets. Tanning was eO'ected 
in most instances by imm('l's in g the specimen in a 
solution of t be tanning agent and adjusting the pH 
to t li e optimum value. Following tannage, speci­
m ens were thoroughlY \\'as llC'cl and tested by using 
dis Lilled water as t li e confi ning liquid. Some speci­
m ens were reserved for analysis, consis ting in most 
instances of an ash determination. Tannage with 
iron and aluminum was found to necess itate mask­
ing sal ts and , to date , no satisfactory vegetable­
tanned tendons h avp bepu prepared . Thi s does not 
imply that vegetable tannage does not occur , but 
fol' purposes of tes t a uniform tannage mus t be ob­
t ain ed , and th e uniformity presents difficulties , 

T annages were secured by the following 
metb ods: formaldehyde : 15-percent solution of 
formald ehyde, pH 6 t07 [24]. Vanadium: satu­
r ated solution of sodium vanadate, pH 3 [25]. 
Iron: solution of feuic sulfate and citric acid, pH 5 
[26]. Aluminum: solution of aluminum sulfate and 
sodium citrate, pH 5 [27]. Uranium : solution of 
sodium uranate (complex carbonate formed), pH 5 
[28]. Zirconium: solu tion of zirconyl sulfate, pH 2 
[29]. Chromium: t \\'o-bath process consisting of 
immersion in a solution of potass ium dichromate 
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followed by reductio n wiLh a solution or odium 
bisulfjtp ll] , Bating : tryp in LrealmwL ill satu­
rated solu tion o f cal<.: ium cal'bonale at 35° C fol' 
24 hr. 

The r esul ts of tests of tendon s subjected to Lh ese 
tannages and treatments are g iven in table 6. 

TABLE 6. Effect oj tanning and pretannage treatm ents on 
activation constants oj tendon collagen 

Ash (dr n eat of I Entropy of 
'r annagc Ot' treatment b-isis) Y a.ctivat ion , activation, , ~s ~S 

F ree energy 
of acti vation 
aLOOo C.~Ji'60 

- -------------1---1-·---1·----

Percent kcal/mole cal/ mole dey kCIII /mole 
Bated ............... -------------- WI 408 24.8 
'l'h iosul fatc .......... -------------- 131 318 24 . G 
Bisulfi te ............. -------------- 1G4 42J 23.7 
Dichromate __________ ------.------- 129 286 23.7 
Form aldehyde . . ..... --------- - ---. 113 252 29.0 

Zirconium --._------ 27.0 13, 307 35. 1 
] rOll .. -----._------ 5.3 Jl9 282 25.4 
Vanadi um ---------- 12 .~ 118 281 25.2 
Alumin um --------- 1.5 82. I 172 24. 
Uran ium -------.- 3.0 102 231 25.3 

C hl'orn ium ___________ 0.06 (Cr,O,) )00 404 26.5 
Do ------------- . 13 (C..,03) 203 522 28.5 
])0 ------------ . 57 (CnO,) 323 862 3G. I 
])0 -- -- --------- 1. 02 (C"O,) 390 1, 041 44. I 
Do ------------ 1.98 (C1',O,) 325 841 45.2 

Three imporlan L conclu ions arc to be drawn 
from the results oJ table 6 as follows: (J ) Ch rome 
tanning alone drasLically inerefi cs t::,.H, t::,.S, and 
t::,.Ji'oo, Further, th e amount of chrome rcquired Lo 
produce this efrect is small , that is, about 0.6 
percent of chromium oxide (CrZ0 3) ' (Chromium 
con tents were de tcrmined by ))erchlo1'ie acid and 
by colorimetric m ethod s [3 , 30]) . (2) T anning 
with zi rconium and treating with sodium di­
chromate, sodium bisulfite, sod ium thiosulfate, 
and trypsin have no appreciable efl'ect on t::,.H, and , 
of these, zirconium alone increases 6.F60 , an in crease 
res ulting by dec rease of t:"S. (3) Tanniug wiLh 
formaldehyde, v anadium, iron, aluminum, and 
uranium appca rs to decrease 6.I1 bul , except for 
formaldehyde, does not affect t::,.Ji'oo appreciably. 
In some insLances the decrease in t::,.H is douhtful 
since it is small. 

Tanning with most m etallic talUling agents in­
creased the ash con tent only slightly , fi nd in most 
instances probably m ed iocre tannage was obtained, 
However, in view of the extraordinary changes 
caused by 0.6 p er cent of Cr20 3. it is seen that other 
m etallic tans cliffe]' from chromium, 

The graphical l'esults from which t::,.H and t::,.S 
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FIGURE 11. Effect of tannage on Tate of shrinkage. 
• • Alum tanned; ct, iron tanned; () , zirconium tanned; 0 , formaldebyde 

tanned; Q . chrome tanned. 0.13 percent OR,O, ; $ , chrome tanned . 0.57 
percent OR,O,; e, cbrome tanned, 1.03 percent OR,O,. 

were determined are shown for some tannages in 
figure 11. 

V. Discussion 

1. Hydrothermal Stability of Leather and Collagen 

Shrinkage is a rate process and, as such, presum­
ably proceeds at all temperatures at a rate gov­
erned by the temperature, previous treatment, and 
environment as shown by the foregoing results. 
To obtain an idea of the behavior at room tem­
perature a graph was made in which the logarithm 
of the time of half sbTinkage in minutes, log t~, is 
plotted as ordinate and the reciprocal of the 
absolute temperature, l i T , as abscissa. The 
measurements are limited to a short temperature 
interval by virtue of the large value of t:..H but, 
assuming the linearity is valid beyond this range, 
it is possible to extrapolate to room temperature 
and obtain the time of half shrinkage at such 
temperature. The graphs are shown in figure 12. 
Because of the nature of the slopes and intercepts, 
it is not possible to show all extrapolated curves 
on the same graph, but the extrapolations of all 
results shown in figure 12 yield the approximate 
values of t~ at 25 0 C shown in table 7. 

The results of table 7 must be considered 
approximations if only because of the length of the 
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FIGURE 12. Effect of tannage on half-shrinkage time. 
• • Zirconium tanned; 0 . formaldehyde tanned ; (). chrome tanned ; 

Q, alum tanned; ct. untreated, pH 7.2; $ , sulfuric acid, pH 1.8; e, sodium 
hydroxide. pH 12.4 . 

necessary extrapolation, but, even as approxima­
tions, interesting conclusions result. It is noted 
that extreme pH values cause fairly rapid shrink­
age, that is, small time of half-shrinkage. It is 
for this reason that specimens in alkaline and 
acid solutions were cooled as previously described. 
Tanning, with the exception of alum-tanning, 
drastically increases the time of half-shrinkage at 
room temperature. This increase is due to two 
factors: (1) A shift of the line to lower values of 
l i T , that is, increased T s, and (2) an increase in the 
slope of the line, that is, increase in t:..H. This 
latter behavior is noted only in the case of chrome­
tanned tendon. A comparison of the relative 
efficiency of these two processes in increasing t72 

is afforded by comparing the values of t72 for 
chrome and zirconium tannages. The zirconium 
tannage caused the largest shift in T s. , whereas 
the chrome tannage increased t:..H. It is noted 
from table 7 that the latter effect is many fold 
more effective in increasing t72 • To date, however, 
no t reatment other than chrome tanning has been 
observed to produce an ~ncrease in t:.H. 

TABLE 7. 'Time of half-shrinkage at 25°0 

Treatment 

Obrome· tanned_. ________ _____ _ 
F ormaldehyde-tanned ___ ___ __ _ 
Zirconi um-tanned _____ _______ _ _ 
Alum-tannod _________________ _ 
U ntanned. pH 7.2 ___ __________ _ 
U ntanned, pH 1.8 ____ _____ ___ _ _ 
U ntanned, pH 12.4 __________ __ _ 

Time of half· 
shrinkage, t ll 

min 
2X10" 
3X 1017 

5X I020 
8X IO' 
5X I012 

1.5X IO' 
8X IO' 

R ecen t r esults obtained in this laboratory '''by 
Kanagy [3 1] indicate that shrinkage at slightly 
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elevated temperatures and high relative humidity 
may be an important factor in the deterioration 
of leather. From this point of view, it would 
appear that the most stable material would result 
from ehrome-tanned leather having the highest 
possible shrinkage t emperature. 

The results of table 7 show that the t ime of 
half- hrinkage is drastically reduced when tendons 
are subj ected to extreme values of pH. Assuming 
that hide behaves in a similar manner, it is con­
cluded that exposure of untanned skins to extreme 
values of pH may cause irreparable damage to 
the finished leather, unless a swelling deterrent 
such as sal t is present. 

I 2. Interpretation of Heat, Entropy, and Free 
Energy of Activation 

(a) General Considerations 

Theories of the structure of collagen and the 
t anning process have been published by many 
au thors. An excellent bibliography is given by 
M cLaughlin and Theis [1] . E ssentially, the pres­
en t picture of collagen asswnes three types of 
forces: (1) valence forces along the peptid e chains, 
(2) salt bonds (ionic linkage) between carboxyl 
and amino groups occurring in side chains of 
acidic and basic amino aeids, and (3) hydrogen 
bonds between carbonyl group and neighboring 
amino or imino groups. The particular theory of 
tanning of interest here is the "bridging" theory, 
the origin of which is in controversy [32] . This 
theory depicts tanning as a reaction in which a 
tannin molecule reacts with por tions of two ad­
jacent pep tide chains to form a "brid ge ." The 
r esultant increase in shrinkage temperature is 
conceived as due to the increased thel'mostability 
conferred by the cross-linking tannin molecules. 
Shrinkage is then postula ted as due to rupture of 
cross-linkages by thermal agitation and a subse­
quen t collapse of the polypep tide gridwork [1] . 
The evidence for the rupture of linkages during 
sh rinkage has been given by Gustavson [33] 
and Theis [34] . 

Gela tinization involves rupture of few peptide 
linkages [35], whereas the shrunken collagen 
pos es es a larger number of active groups than 
the original material [33 , 34] . Therefore i t is 
probable t hat the activation process consists of 
rup ture of key eross-linkages in the collagen 
molecule. On th e assumption that the same 
cro s-linkages must be broken irrespective of the 
initial configuration, that is, the structure of the 
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activated complex is es enti ally the sam , regardless 
of tannage, environment, etc., it is possibl e to ob tain 
interesting information from the foregoing r esul ts. 

Superficially, the r esults show that the activa­
tion reaction (eq 12) involves absorp tion of a 
tremendous quantity of heat. The total heat ab­
sorbed in the transformation of collagen A in to 
collagen C has been measured calorimetrically 
and is of the order of 12.5 cal/g [36] . On the 
assumption that no heat is involved in the irre­
versible process (collagen B~collagen C), this 
figure combined with the value of heat of activa­
tion 141 kcal/mole gives a molecular weight of 
11 ,300 for collagen , a figure of the order of mag­
nitude expected for a protein . However , the 
assumption involved in th e calculation is most 
probably not valid. It appears that no fur ther 
progress along these lines is po sible without ex­
tensive calorimetric in vestigations. 

The siz.e of th e hea t of ac tivation is not dis­
turbing, since large molecules ar e involved in this 
reaction. As shown above, an assumption of a 
molecular weight of 11 ,300 yields the correyt 
value for the heat of shrinkage. Inasmuch as the 
molecule.. may be much larger , the values of heat 
and entropy involved are no t excessive. 

(b) Heat of Activation 

The linkages ruptured in activa tion are probably 
either salt or hydrogen bonds. Consider the 
following facts about t,.H: (1) MI decreases with 
increasing concentration of sulfuric acid (to pH 
1.8); (2) MI decreases with increasing concen tra­
t ion of sodium chloride, even in concentrated solu­
t ions; (3) t,.E! decreases with increasing concentra­
tion of sodium hydroxide (to pH 12.5) . 

Since electrolytes may be expected to act pri­
marily at ionic linkages and t,.E! appears to de­
crease in acid, base, and salt solutions, t he effect 
may be attributed to a salt-type interaction. 
From this consideration plus the fact that a large 
number of hydrogen bonds must be postulated to 
account for the magnitude of the t,.H value ob­
served, it is believed that t,.E! measures for the 
most part the strength of the salt linlcages in the 
collagen molecule. 

The results obtained may all be explained by 
interaction of solutes at salt bonds combined with 
swelling of the protein structure. However , the 
effects of electrolytes on hydrogen bonding might 
conceivably cause similar effects. In the light of 
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the results obtained with sodium chloride, it is 
believed preferable to conclude that salt bonds 
rather than hydrogen bonds are primarily respon­
sible for the variations observed in t:.H, and 
further that salt bonds contribute at least 70 kcal 
to the total 140 kcal observed for MI. 

If the bridging theory of tanning is correct, it 
is to be expected that t:.H will increase on tanning. 
Chromium is the only material investigated that 
causes such increase in t:.H. Other tanning mate­
rials, such as iron, uranium, vanadium, and 
formaldehyde, appear to decrease t:.H, although 
the variation is so small as to be doubtful in view 
of the experimental spread found previously. 
Aluminum decreases t:.H and, therefore, behaves 
as a salt interacting with the salt bond. 

Chromium drastically increases t:.H, and the 
increase may be pictured as due to either strength­
ening existing cross-linkages or formation of new 
linkages. 

Therefore it is believed, on the basis of the pres­
ent experimental evidence, that t:.H measures 
the salt-bond cohesion energy and that chromium 
alone, of the materials studied, can form any cross­
links between polypeptide chains. Highberger 
has presented evidence of a mechanical nature 
that formaldehyde does not form cross-linkages 
[37]. 

Inspection of results obtained with chrome­
tanned tendons shows that -about 1.0 percent of 
chromium oxide is sufficient to produce the appar­
ent maximum cross-linking and that further in­
crease in chrome content prodnces small effect. 
This amount of chromium is far less than the 
amount required to react with the excess acidic 
and basic groups present in collagen [35]. There­
fore, it is necessary to conclude that only a fraction 
of these groups present possess the required spatial 
orientation to either form salt-bonds, which are 
strengthened by chromium, or react with chro­
mium itself to form new cross-linkages. The 
amount of chromium combined in excess of 1 per­
cent probably combines with other groups of the 
collagen inthe same manner as the other tanning 
materials studied, that is, affects t:.S. 

(c) Entropy of Activation 

The entropy of activation is identified with the 
degree of disorganization or d j soricn ta tion occur­
ring in the activation process. This term will, in 
effect, measure the crystallinity of the collagen, 
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prior to activation , assuming similar final states 
as regards collagen B. Thus the addition of 1 
percent of chromium produces more orientation, 
a result in agreement with the bridging theory. 
Acids, bases, and salts, as well as all tanning 
materil11s, aside from chromium, in general appear 
to decrease the t:.S factor . This means that less 
orientation results under these conditions and 
implies reaction of collagen with these materials 
in a more or less random manner that may involve 
rupture of salt bonds, that is, decreased t:.H. The 
results obtained with aluminum are interpreted 
to mean a rupture of salt bonds and a correspond­
ing disorientation sufficient in magnitude to offset 
the energy lost by rupture. The free energy in 
this case remains unchanged. Zirconium, on the 
other hand, tends to react in such a manner that I 

few salt bonds are broken (normal t:.H). How­
ever, a loss in orientation is found to occur since 
t:.S is smaller than for untreated tendon, as shown 
by the increased value of t:.F60 • In chrome tan­
ning, a marked increase in t:.H occurs, but the 
increase in t:.S is correspondingly less, since t:.F60 

increases. A portion of the chrome, that is, 
possibly the whole amount > 1 percent of Cr20 3 
and a portion of the initial 1 percent, can be con­
sidered to add nothing to the orientation. This 
means some loss of organization due to chrome 
tanning as well as to other types of tanning. 
These conclusions are borne out by observations 
that tanning reduces crystallinity, as shown by 
X-ray diffraction studies [38]. 

(d) Free Energy of Activation 

The free energy of activation is a measure of 
the position of equilibrium in the activation re­
action. Since shrinkage will ensue rapidly, pro­
vided sufficient numbers of activated molecules 
are formed, t:.F60 will then be a measure of the 
shrinkage "temperature," T g • t:.FT will vary 
with temperatures by virtue of its dependence on 
the factor Tt:.S. It is found that rapid shrinkage 
occurs at temperatures at which t:.F'1' "'" 25 kcall 
mole, that is, rapid shrinkage may take place only 
if the activation equilibrium has been displaced 
sufficiently to provide required numbers of activ­
ated molecules. 

The foregoing conclusion implies that treat­
ments that reduce t:.S or increase t:.H will increase 
t:.F60 and consequently the shrinkage "tempera­
ture." Chromium tans principally by the latter 
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method, that is, increases ~I-l up to 1 percent of 
01'20 3 and by the former in amounts exceeding 
this percentage. All other tannages tes ted appear 
to tan by reduction of ~S. This reduction in 
~S may be pictured as resulting in an increased 
T, by steric hindrance phenomena. The amount 
of sterie hindrance may be assumed to be propor­
tional to the tannin content- percentage of 
Or~03 in chrome tanning, pH in acid solutions, etc. 

Since Ts is determined by ~F1" graphs were 
made using ~F60 as the ordinate and logarithm 
of the percentage chrome as the abscissa. It was 
found that a linear relationship resulted . If the 
logarithm of the concentration of solute, [N aOlj , 
or the pH is used as the abscissa, straight lines are 
also obtained. Figure 13 shows typ ical results 
obtained for such graphs. 
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~FT is related to the equilibrium constant of the 
activation process, J{I , by the equation, 

~FT=-RTln K'. (13) 

The results shown in figure 13 imply that the 
logari thm of the equilibrium constant is linearly 
related to the logarithm of th e chromium content, 
concentration of solute, etc. 

Proceeding by speculation, assume J{' = C 
[Or20 3]n, where C and n are constants. Then 
substituting in eq 3, the following equation is 
obtained : 

~F1'= - RT In C [Cr20 3]n. (14) 

In the case of rapid shrinkage it has been ascer­
tained that ~F1' is nominally constant and ap-

Shrinkage of Collagen 
815107- 49--3 

proximately equal to 25 kcal/mole at that tem­
perature considered to be the shrinkage "tem­
perature." Substituting this value for ~F1' and 
rearrangmg, 

25 X 103 log C 
log [01'20 3] = - 2.303 RnT+- n - ' (15) 

The concentration of Or203 is not known, but it 
will be assumed proportional to the percentage 
of Or203' On this basis if the logarithm of the 
percentage chrome is plotted against the recip­
rocal of the absolute temperature of shrinkage, 
a straight line is expected. The data presented 
by Bowes, et al. [5] have been tested in this 
manner, and a straight-line results. Bowes 
showed that a straight line was obtained by 
using the temperature instead of the reciprocal 
of the absolute temperature but found it neces­
sary to mention possible negative shrinkage 
temperatures, which might arise. The graph, 
according to eq 5, eliminates the difficulties of 
negative shrinlmge temperatures and at the same 
times yields a satisfactory linear plot. Inasmuch 
as t is proportional to l i T over the limited tem­
perature range involved, . the linearity using 
either t or l i T is not unexpected. No con­
clusions are possible concerning the slope of the 
line obtained, since the unknown factor n i 
involved. By using the experimental value 
given by Bowes, it is found that the valu e of n is 
approximately 1. 

No conclusions concerning the m echanism of 
shrinkage may be made from the present results 
at this time. It is believed, as a result of obser­
vations during shrinkage, that the shrinkage 
reaction involves water either as a reactant or a 
catalyst . Experiments are in progress to ascer­
tain the role of water in the shrinkage. 

The experimental results obLained in this 
investigation are in substantial qualitative and 
quantitative agreement with results of studies 
made on soluble proteins. Excellent summaries 
of these researches are given by Eyring and Stearn 
[39] and Neurath, et al. [21]. 

The author is ind ebted to A. A. Maryott for 
valuable suggestions concerning the treatment. of 
the data and the manuscript. 
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