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synopsis 

The rate of  crosslinking of concentrated gelatin solutions in water has been measured 
by means of a gelation timer. Some effects of temperature, pH, crosslinking agent, and 
gelatin concentration have been measured. The crosslinking agenb have varied from 
fast-acting chrome alum, glutaraldehyde, and a carbodiimide to slow-acting mucobromic 
acid and dialdehyde starches. Detailed crosslinking mechanisms are discussed for 
dimethylol urea, mucobromic acid, and several dialdehyde crosslinking agents. Some 
efl'ects of urea and other additives on the dimethylol urea crosslinking rate are described. 

INTRODUCTION 

The rate of crosslinking of gelatin in aqueous solution is important in the 
manufacture of photographic silver halide gelatin emulsions. A gelatin 
crosslinking agent, i.e., gelatin hardener, is usually added to an emulsion to 
increase the resistance of the coated emulsion to swelling and softening 
durii)g processing. Viscosity changes during the coating of the liquid 
cniulsioii must be miiiimized. The purpose of this paper is to  report somc 
quaiititative data on the variables controlling the crosslinking rate i n  
aqueous solution. The use of a gelatioii timer is a relatively new techuique. 
Tlie kiiietics of crosslinking of gelatin using viscometry have also hc l i  
rcceritly reported.' 

In the work reported here, the experimental procedure will be described 
first. Then a working hypothesis for the kinetics of crosslinking will be 
given. The effects of gelatin concentration, temperature, and pH will be 
described along wit,h results obtained for a variety of crosslinking agents. 

EXPERIMENTAL 

By using a Techiie gelation timer [Techne (Cambridge) Ltd., Duxford, 
Cambridge, England], the setting time of a gelatin solution was measured 
after the addition of a cross-linking agent. The temperature was so chosen 
that the solution would not set without the addition of crosslinking agent. 
A description of the iiistrument by the manufacturer is as follows. A 
weighted disk immersed in the solution is subjected to a simple harmonic 
vertical motion, with a period of 1 min., by connection to a geared syn- 

* Presented at  the 11th Canadian High Polymer Forum, Windsor, Ontario, Canada, 
September 1962. 
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chroiious motor. As the solution sets, a point is reached at wliicli the stiff- 
ness is sufficient to support the weight of the disk during a 30-sec. half 
cycle. Up to this point, the connecting link has been under tension both 
during the up and down strokes, but as soon as the disk is supported, the 
link on its down stroke becomes subjected to a compression causing an 
electric contact in the link to  close a circuit. This in turn opens a relay 
irreversibly, stops the synchronous motor, and lights a small neon lamp, to  
attract attention. The gelation time, in minutes, is then read off on the 
counter. 

For the purpose of this test, when the gelatin/crosslinking agent solution 
acquires a stress relaxation time of 30 sec., it is said to have gelled or set. 
A recent detailed analysis2 of the instrument showed that gelation of other 
polymeric systems corresponded closely to  an infinite network. Since the 
number of crosslinks required for an infinite network will depend on the 
molecular weight, degradation of gelatin during measurements could have 
an effect on hardener induced gelation time. However, it is believed that 
this effect can be neglected for the conditions reported below. 

The gelatin solution was made up by adding, with stirring, the required 
amount of gelatin into the required amount of distilled water. After 
stirring for 10 min. a t  room temperature to allow the gelatin to swell, the 
mixture was heated to 50°C. until the gelatin was dissolved and then the 
solution was cooled until set and refrigerated. As needed, the gel was 
melted at the temperature to  be used. The measurement was carried out 
Iby adding 200 g. of gelatin solution to a 250-ml. bottle immersed in a con- 
stant temperature (+O.O5"C.) bath. An 8-ml. portion of hardener solu- 
tion was added in 5-10 sec. while the solution was stirred mechanically. 
The stirring was continued for 1 min., and then the piston of the gelatioil 
timer was immersed in the solution. The timer mas then started. Tlie 
gelation time was taken as the timer reading plus the time between hardener 
addition and starting of the clock. All gelatin concentrations in this 
paper are in per cent by weight before tlie addition of hardener. 

Gelatin Characteristics 

All of the results reported below were obtained with l)oi!e gelatin. 
Unless otherwise stated, the gelatin was the same bone gelatin (No. 6). 
It has a Bloom rigidity value of 246 g. The viscosity of the Bloom solu- 
tion a t  60°C. is 48.4 mpoise. The pH of a 1% solution a t  35°C. is 6.08. 
The isoelectric point from measurement of the viscosity of a 1% solution 
as a function of pH is 4.95 f 0.1. The viscosity-average molecular 
weight was 93,300. This was calculated from published3 values of the 
Mark-Houwink constants and the measured value of the iritririsic viscosity, 
which was 0.411 dl./g. ill 0.2N acetate buffer a t  35°C. Tlie weights of 
gelatin were not corrcctcd for moisture. No buffers were used in tlie 
hardening experiments; thus, the initial pH of all gelatiii solutions is 
approximately 6 unless otherwise stated. 
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CROSSLINKING HYPOTHESIS 

While the mechaiiisms of crosslinking of gelatin are not actually know11, 
it is useful to have the following working hypothesis to derive a relationship 
between initial hardener concentration and gelation timd. Let us define 
Ho = initial concentration of crosslinking agent, H = concentration of 
crosslinking agent a t  time t ,  So = initial concentration of crosslinkable sites, 
S = concentration of crosslinkable sites a t  time t ,  Cl/% = concentration of 
half links a t  time t ,  C1 = concentration of crosslinks a t  time t ,  a = number 
of sites per crosslink, p = aC1/So = crosslink density, p, = crosslink 
density a t  time t = t,, i.e. a t  gelation time. 

Crosslinking is assumed* to  occur stepwise with two sites per crosslink as 
follows : 

H + S -+ C1/, rate constant = kl/, 

C1/, + S -+ C1 rate constant = k1 

(1) 

(2) 

For aldehyde hardening, these reactioiis may he : 
RCHO + GNH, + GNHCHOH (3 1 

I 
R 

GNHCHOH + GNHz -+ GNHCHNHG + H:O (4) 
I 

R 
I 
R 

where GNH2 represents gelatin. 
The rate eqs. (5)-(7) follow: 

dH/d t  = ki/,H'lS (5) 

(6) 

dCi/dt = kiSrnCi/c (7) 

dCi/,/dt = k,j,H'ST - kiSttLCi/; 

If reaction orders are unity and S So, i.e., very few sites consumed at 
gelation, then 

H = Hpe-k'/zSmt (54  

( W  c1/, = [ ~ , k , / , / ( k 1  - /c,,,) ~ ( e - ~ ~ / z ~ ~ ~  -eVklsd ) 
-ki/,Sot - p s -k&] (7a) C1 = H o {  1 + [l/(k&30 - k~So)l[klSoe 61 oe 

fcr the case that at, t = 0; H = Ho, S = So, C112 = C1 = 0. 

dp/dt  = (a/So) (dCJdt )  = (~/So)kiSo" Ci/c  

pg = JOPg d p  = (aki/So) Jo'g SrnCi/:dt 
(8) 

(9) 

If most of tlie Ivttrdeiier inolecules have reacted to  form half links a t  
That is, it is assumed that the half-linking re- 

* There are, of course, other possibilities such as reaction between two half links to 

t = t,, then C I I ,  w Ho. 

forin a crosslink, tlie reaction with a trifunctional hardener, etc. 
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action is very fast (kl,z = a) and crosslinking is a very slow (Icl = 0). 
Then eq. (9) gives: 

t, %? ( p,/aklSorn -1) (l/Ho") ( 10) 

t ,  w k/Ho" (11) 

or 

where 

Ic = p,(UIclSom-')-' 

Thus, in this case, the gelation time (alternatively k )  is inversely pro- 
portional to  the rate constant for crosslinking, k,. 

RESULTS AND DISCUSSION 

It was found that the dependence of t, on Ho agreed very well with eq. 
(11) for many hardeners and it is thus a useful empirical relationship. 
However, it applies only for sufficiently large values of HO since there will 
he a minimum concentration of hardener required for gelation. Equation 
(11) could not be verified for fast-acting hardeners where the linear portion 
of the plot of log t, versus log Ho corresponds to  gelation times of less than 1 
min. Examples are glutaraldehyde and chrome alum in 10-2070 gelatin. 
The quantities k and n are experimentally accessible by determining the 

-1.0 -0.5 0 

Log Ho ( % I  
Fig. 1. Effect of hardener concentration on gelation time of 10% gelatin at 35OC. 
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value of log t, a t  Ho = 1 aiid the slope of a log-log plot of t, a i d  H o .  
1 shows typical plots at 35°C. 
eters at 45°C. is shown in Table I. 

Figure 
A summary of the hardening rate param- 

TABLE I 
Summary of Gelation Rate Data for Gelatin Hardenersa 

t .  = k/Ho" 

Hardener 
k for Hot k for H,, 

n wt.-yo moles/l. 

2-Hy droxyadipaldehyde 3 . 2  3800 292 
Eponite lO0b  0 .66  832 
Mucochloric acid 0 . 8 2  562 33 .2  
Mucobroniic acid 0 . 9 8  135 5 . 3  
Dimethylol urea 1.80 47.8 3.98 
Gly oxal 1 .84  15.8 2 .73  
Formaldehyde 1.76 1 .95  0.65 
Aldocryl X-12O 1.58 2 . 4  0 .58  
p-Benzoquinone 0 . 8 8  5 . 9  0 .55  

- 

8 Dimensions of k depend on dimensions of Ho and 1,. 

b Shell Chemical Company trademark for a polymeric diepoxide. 
0 Shell Chemical Company trademark for a low molecular weight acrolein condensate. 

k for Ho in moles/liter was calculated by using a value of 41.6 as the carbony1 equivalent 
weight. 

All results for 20y0 gelatin by 
weight a t  45%. and t, in minutes. 

Effects of Different Gelatins on Dimethylol Urea-Induced Gelation Time 

In order to determilie how the results might depend on the particular 
gelatin used, a number of gelatiiis were compared under the same con- 
ditions. Table I1 sliows the dimethylol urea hardeniiig rate parameters for 
20% gelati11 at 45°C. for a series of different gelatiiis. All of the gelatiiis in 
Table I1 are boiie gelatiiis of isoelectric poiiit of 4.95 f 0.1. Gelatiii No. ci 
is the gelatin described above. 

TABLE I1 
Effect of Different Gelatins on the IXmethylol Urea Hardening Rate Parameters in 

209; Gelatin a t  45°C. 

Viscosity- 

Gelatin +Amino, Solution molecular 
pH of 4.57& average 

no. nieq./g.* at 40°C. weighth k(H,  in y b )  R 

1 0 .41  5 .35  93,300 2400 1.92 
2 0 .49  5 .31  - 2820 1 .82  

1700 1.58 3 
4 0 .41  5 .58  95,500 2070 1.66 

872 1.64 5 0 .50  5 .79  - 

- - - 

6 0 .55  6 .05  . (33,300 47 .8  1 .so 
a Determined by the titration method of Kenchington and Ward.4 

b Data of Pouradier and Venet.3 

The gelatins 
were not deionized or dried. 
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The large differences in k values appear to be due to the sniall differelices 
in p€I and primary amino content rather thaii to  molecular weight differ- 
ences. The n values are similar to  values obtained' for the rate exponent 
of the dependence of the rate of viscosity increase on formaldehyde con- 
centration. 

Effect of Temperature on Gelation Time 

It is possible to derive a simple relationship hetween gelatioil time and 

If it is assumed that the Arrhenius relationsliip holds between the cross- 
temperature in order to  calculate the activation energy for crosslinking. 

linking rate constant and temperature, then 

(12) kl = z e - E a / R T  

where 2 = frequency factor, I' = absolute temperature, R = gas constant, 
and E, = activation energy. 

If it is assumed that t, is inversely proportional to k ,  as in eq. (lo), then 

t, = A / k ,  (13) 
where A depends on kinetics, crossliiik density as shown in eq. (1 1). 

Combining eqs. (12) and (13) gives: 

t, = (A /Z)eEalRT (14) 
or combining eqs. (1 1) and (14) gives : 

k = ( H ~ ~ A / Z ) & R T  (14a) 

Therefore a plot of log k versus 1/T should be a straight line of slope 
Ea/2.303R and intercept log ( H o n A / Z ) .  Such results have been reported 
by others5v6 for the effect of temperature on the gelation rate of other sys- 
tems during crosslinking. Results for formaldehyde and dimethylol urea 
were obtained by calculating k and n in eq. (11) for t, in minutes and N o  
in per cent by weight. This was done a t  five temperatures. Then log k 
was plotted agaiiist 1/T as sliown in Figure 2. 13, and log ( H o x A / Z )  were 
calculated by least squares from the slope arid intercept. Note that 
(HOnA/Z) has the same dimeiisioiis as Ic. Typical results are shown ill 
Table 111. 

TABLE I11 
Activation Energy From Gelation Time Measurements 

Gelatin 
No. 6 

concentra- 
tion, E',,, 

Ilardeuer wt.-:;, C d / l I l t d C  f € , , I " t  /z 
IXrnethylol urea 10 15,400 6.60 x 1 0 - 9  

For rnalde hyde 10 1 7,350 1.74 x 10-11 
Formaldehyde 20 17,300 2 .20  x 10-12 
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Fig. 2. Effect of temperature on hardening rate of (0) dimethylol urea in 10% gelatin, 
formaldehyde in 10% gelatin, and formaldehyde in 20% gelatin; ( X ) glyoxal in 20% 
gelatin. 

Results for glyoxal in 20% gelatin were obtained at only 40,45, and 50°C. 
However, the activation energy is very close to that for formaldehyde and 
(HonA/Z)  is about lo-”. It was found that in 20% gelatin at 35”C., the 
gelation times were faster than expected from extrapolation of results a t  
temperatures above 40°C. This can be explaiiied by the gelation of gelatin 
itself a t  35°C. 

The lower value of (HonA/Z) for formaldehyde a t  higher gelatin concen- 
trations reflects the lower value of A/Z, since n was independent of gelafin 
concentration. For the special case of equation (lo), 

A = pl(uSOm--lHon) (15) 

Thus A should decrease as So is increased, i.e., as the gelatin concen- 
tration is increased. Increasing the gelatin concentration from 10 to  
207” increased A/Z  by a factor of 7.5. This is similar to results using 
viscometry l in which the rate of formaldehyde crosslinking depended on 
the gelatin concentration to  the 2.3 to 2.7 power. 

The difference in activation energies for formaldehyde and dimethylol 
urea can he explained by the equilibria of eqs. (16) and (17). 

(16) Dimethylol urea G 11onomethylol urea + Formaldehyde 

h‘lonomethylol urea Urea + Formaldehyde (17) 
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I t  can he shown that 

C P ~  = R1 J<~(C'~I/C~,) (18) 
where CF = concentration of formaldehyde, C d  = concentration of di- 
methglol urea, Cu = concentration of urea, Kl = equilibrium constant for 
reaction (16), and Kz = equilibrium constant for reaction (17). 

If one assumes that the active crosslinking agent in dimethylol urea is 
formaldehyde, then eqs. (14) and (18) give : 

log k = (n /2)  Dog(KlK2) + log(cd/cu) I + log(A/Z) + Ea/RT (19) 

Data's' on the effect of temperature on these equilihrium constants show 

Assuming that t,hc vnir't, Hoff t~cmpcrature-ec~i~ilil)~iiim constant equation 
that they iiicrease with temperature. 

ltolds, i.e., 

log I(,  = -AJJ,"/RT + C1 

log Kz = -AHZ"/RT + Cz 

(20) 

(21) 

and 

where AH1" is the standard enthalpy change for reaction (16), AHz" is the 
standard enthalpy change for reaction (17), and C1 and CZ are integration 
constants. Then, 

log k = (n/2) [CI CZ + log(cd/cu) I -I- log(A/Z) 

+ [Ea - (n /Z ) (AHl"  + AHz">I /RT  (22) 

Thus the apparent activation energy for dimethylol urea is smaller than 
formaldehyde by the amount ( n / 2 ) ( A H l "  + AHz'). In support of this 
view that dimethylol urea is only a formaldehyde reservoir is the fact that 
the values of n in Table I are the same for formaldehyde and dimethylol- 
urea. 

Effects of Urea on Dimethylol Urea Hardening Rate 

In  order to see if the gelation time for a dimethglol urea solution agreed 
with the gelation time of a formaldehyde solution of concentration calcu- 
lated from eq. (18), a formaldehyde buffer was made up consisting of equal 
moles of urea and dimethylol urea. The gelation time in 10% gelatin a t  
35°C. was measured and compared with the gelation time of a formalde- 
hyde solution of the concentration calculated from eq. (18). Values of 
0.2 and 0.032 were used for K1 and K 2 ,  respectively.* As an approximation, 
it was assumed that C,/C, was constant and that very little of the form- 
aldehyde was consumed before gelation. The measured and calculated 
values were 4004 and 5880 min., respectively. Figure 3 shows the steep- 
ness of the gelation time/urea concentration curve. Thus, considering the 
approximations, fair agreement was obtained. 
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Fig. 3. Effect of 

0.5 1.0 1.5 2.0 
Moles Ureo/Mole Dlmethylol Urea 

urea on hardening rate of dimethylol urea in 10% gelatin at 35°C. 

MOLES UREA/MOLES FORMALDEHYDE 

Fig. 4. Effect of urea on hardening rate of formaldehyde in 10% gelatin a t  35°C. (0.493 
mole formaldehyde/lOO g. gelatin). 
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Effect of Urea and Other Additives on Formaldehyde Hardening Rate 

A surprising acceleration of formaldehyde hardening of 10% gelatin a t  
35°C. was observed when low concentrations of urea were added to  the 
gelatin before the addition of formaldehyde as shown in Figure 4. A 
possible explanation is that urea is also reacting with gelatin so as  to render 
amino groups more accessible to  formaldehyde. At a sufficiently high 
concentration of urea, the effect is obscured by the reaction of urea and 
formaldehyde. Interestingly enough, no such acceleration was observed 

GELATION 
TIME 

WIN.) 

50' 

0.5 

RESORCINOL 1 \-+ 0.5 L O  

MOLES ADDITIVE / MOLES FORMALDEHYDE 

Fig. 5.  Effect of additives on hardening rate of formaldehyde in 20% gelatin at 45°C.: 
(0) urea; (0) phenol; (A) resorcinol; ( 8 ) phloroglurinol; ( X )  m-methoxyphenol. 

a t  45°C. in more concentrated solution. This suggests that the acceler- 
ation involves disruption of gelatin hydrogen bonds by urea a t  35 "C., 
since little hydrogen bonding would be expected at 45 "C. 

Figure 5 shows the effects of other additives on formaldehyde hardening 
a t  45 "C. In  the series phenol, resorcinol, phloroglucinol, an increasing 
acceleration of hardening with formaldehyde was observed. The reason 
for this acceleration is not known, but it is possible that the reaction pqduct  
of formaldehyde with these hydroxybenzene compounds is a faster acting 
hardener than formaldehyde itself. It is also possible that these compounds 
react with gelatin a t  45°C. The fact that m-methoxy phenol and resor- 
cinol show the same amount of acceleration suggests that the electron 
density on the unoccupied positions of the benzene ring is a key factor. 
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Effect of pH on Formaldehyde Hardening Rate 

The effect of pH on the formaldehyde hardening rate is shown in Figure 6. 
This represents the combined effect of pH on the ionization of the amino 
groups and on the conformation of gelatin. As the pH is changed from the 
isoelectric point, there is a buildup of uncompensated charge on the gelatin 
and the chains expand, presumably increasing the distance between cross- 
linkable sites. However, as the pH is raised, the amount of free amino 
groups increased. The side chain-protonated amino groups in gelatin 

.IAN1 \ 

pH at 35OC 

Fig. 0. Effect. of pH on hardening rate of formaldehyde in 10% gelatin a t  85°C. (0.33 
minole/lOO g. gelatin). 

ionize4 to  the free base in the pH range 8-11.5 a t  40°C. Figure G shows 
that the ionization effect dominates the chain expansion effect and the 
hardening rate with formaldehyde increases rapidly as the pH is raised and 
appears to  be leveling off at around pH 10 or 11. 

Relative Hardening Rates of Dialdehyde Hardeners 

Figure 1 shows that glutaraldehyde is a much faster hardener than 
glyoxal. A possible reason is that glutaraldehyde may form a longer link 
than glyoxal with a resulting greater probability of completing the cross- 
link with the second aldehyde group as shown in eqs. (23) and (24). 

CHNHG 

( 2 3 )  
PHO 
‘CHO ‘CHO 

(CHz), + GNH, +. (CH<a \ O H  
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CHXHG CHh’HG 

(24) 
/ \  cC‘F6, \ ) H  + GNII? + (C‘H,), 011 

\CHO \CHNHC; 
I 

OH 
Another possibility is that if the glutaraldehyde half link can react with 

another amino group via a Schiff base, then glutaraldehyde might be a 
tetrafunctional crosslinking agent as shown in eq. ( 2 5 ) .  

CH /NHG 

1 ‘NHG (25) 
2GNHz + 2H?O - (CH,), 

/CH=NG 
CHNHG 

/ \  
(CH?h OH + (CH,), 

CIT=NG 
\ 

CHNHG 

OH 

\ 

I 
i ,NHG 

CH 

“HC 
Table I shows that 2-hydroxyadipaldehyde was one of the slowest 

hardeners tested. Since it is a long-chain dialdehyde, one might expect it 
to be comparable in rate to glutaraldehyde. However, the slow action 
may be explained by postulating an oxide structure like a glucoside 
h i .  (2611. 

H OH CHO HO H 

AH0 CHO I AH0 

Several dialdehyde starches were tested, and the results are shown in 
It can be seen that the hardening rate depends on the aldehyde Table IV. 

content, i.e., the degree of oxidation of the original starch. 

TABLE IV 
Summary of Gelation Rate Parameters for Gelatin Hardeners 

in 10 wt.-%, Gelatin at 35°C. 

Hardener 
k for H ,  k for Ho 

n in wt.-% moles / L a  

Dimethylol urea 1 <5 1515 126 
Sumstar R* dialdehyde starchh 1 4  575 35 7 
Glyoxal 1 3  258 44 2 
Sumstar S* dialdehyde starchb 1 4  240 15 2 
Formaldehyde 1 9  79 5 26 5 

a k for Ho in moles/l. wm calrulated bv ustng 161 and 158 as values for equivalent 

b Miles Chemical Company trademark. Sumstar R is approximately 75 % oxidation 
weight respertively. 

and Sumstar S is approximately 90% oxidation of starch. 
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Hardening Rate of Mucobromic Acid and Related Compounds 

llucobromic a i d  mucochloric acids probably exist i n  three forms, the 
riiig, the hydrate and free aldehyde, the proportioiis depending on pH and 
water coiiteiit.g-ll 

Br Br 

H &  C= ‘ A (27) 

Rr Br 

Conventional aldehyde crosslinking seems possible but two other POS- 
sibilities exist. Both possibilities have a reactive aldehyde on the end of a 
longer half link and thus might have a greater probability of crosslinking. 
One is a 1,4-31irhael addit,ioli’? of t,he gelatiii amino group as shown iii 
eq. (28). 

7r r Br Rr n r  Br OH 
I I  

C-C +GNHz+ C- ] A ’  =CH C- -CHO (25) 

o=b LHO o=c’ \NH o=c/ \NH\H 
! I  

OH G 
I !  

OH G 
I 
OH 

The resulting aldehyde (hydrate) would also be capable of conventional 
Another pos~ibility’~ is that the aldehyde crosslinks with amino groups. 

ring form call react with gelatin to form an amide, as shown in eq. (29). 

Br Br Br Br Br Br 
I 1  

! I  ! I  
I I 

NH ‘OH 
I I 

G G 

I 1  I I  A C=C H + GNH,+ C-C ,- C-C 

O=C CHOH O=C CHO + HzO (29) 
I ! /  

O=C c 
NH ‘0’ ‘OH 

Likewise, the resulting aldehyde can react further with amino groups. 
The hardening rate of mucobromic and mucochloric acid in solution is 

relatively slow as shown in Table I. However, in gelatin films mucochloric 
acid is a relatively fast-acting hardener, approaching glutaraldehyde. l 3  

This can be explained by the hydrate formation in water solution. In dry 
film, the equilibrium favors the free aldehyde, presumably the active cross- 
linking group. In support of this hypothesis, mucobromic acid (cr its 
half links) would be expected to have more free aldehyde than mucochloric 
acia and indeed mucobromic acid is a faster hardener. 

The effect of pH on the hardening rate of gelatin by mucobromic acid is 
shown in Figure 7. The hardening rate was found to be a maximum a t  
neutral pH. This would support the ring-opening mechanism, since the 
addition of acid or base would be expected to decrease the concentration of 
the ring form. However, this does not prove the ring-opening mechanism, 
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30C 

GELATION 
TIME 

(MIN.) 

200 

100 

5 6 7  6 9 
pH AT 45OC 

Fig. 7.  Effect of pH on hardening rate of mucobromic acid in 20% gelatin a t  45'C. 
(9.77 mmole/100 g. gelatin). 

and more evidence is needed, since there may be several mechanisms 
operative at once. 

Hardening Rate of Gelatin With A Carbodiimide 

One of the fastest gelatin hardeners tested was l-ethy1-3-(3-dimethyl- 
amiiiopropyl)carbodiimide hydrochloride. * The net reaction is prohal~ly'~ 
as given in eq. (30). 

H O H  

Rl-N=C=N-R? + GNH? f QCOOH + G- f R,k-b-/V-R* 

(30) 

As with other extremely fast-acting gelatin hardeners such as chrome alum 
and glutaraldehyde, the concentration of carbodiimide which might obey 
eq. (11) corresponds to  gelation times under 1 min., the shortest time 
measurable by the timer. Table V shows how much faster the carbodi- 
imide is than formaldehyde. 

In conclusion, the gelation timer is a useful tool for studying the rate of 
crosslinking of gelatin solutions. Variations in chemical structure of some 
of the crosslinking agents can reasonably account for differences in cross- 
linking rates. 

obtained from the Ott Chemical Co. 
* A sample w m  kindly provided by Prof. J. C .  Sheehan, M.I.T. A Recond sample w m  
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TABLE V 
Comparitm of Gelatin Hardening Rates of Carbodiiiiiide and Fornialdehyde in ZOyc 

(;elatin No. 6 a t  45%. 

H,, mmole/100 g. 
Hardener gelatin t,, niin. 

Carbodiiinide 2 . 0 9  m 

5.22 987 
6 . 5 3  68 
7.32 1 

25 51 
33.3 31 
50 15 

Forrnalde hyde 16.7 120 
1 )  

, 
,, 

It is a pleasure to acknowledge the helpful discussions of many aspects of this work 
with Dr. E. F. Haugli and Dr. A. C. Schoenthaler. 
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RbumC 
La vitesse de pontage de solutions concentrkes de gCktine dans l’eau a 6tB niesur6e 

en ernployant un mesureur de gClatine. On a determine les effets de la temperature, du 
pH, de I’agent de ramification ainsi que de la concentration en gelatine. Comme agents 
de ramification, on en a employ6 plusieurs depuis les plus actifs, comme l’alun de chrome 
I’aldChyde glutarique et un carbodiimide jusqu’aux plus faibles tels I’acide muco- 
bromique et les amidons diald6hydes. Des mecanismes dktaill6s de ramification ont 
Ct6 discutks pour la dimethyl wee, I’acide niucobromique et plusieurs agents de pontage 
dialdehydiques. On a decrit certains effets de I’ur6e et d’autres additifs sur la vitesse de 
pontage par la dini6thylur6e. 

Zusammenfassung 
Die \‘crrietzuiigsgrsc.liwiiidigkcit von konsentrierten (I:elatiiie-losuiigeIi in Wassw 

wurde geinessen. Der Einfiuss vou Teniperatur, pH, Vernetzungsniittel und Gelatine- 
konzentration wurde bestininit. Eine lteihe von \‘ernetsungsmitteln voni rasch wirken- 
den Chronialaun, Glutaraldehyd und eineni Carbodiiniid bis zu langsani wirkender 
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Brommuconsiiure und Dialdehydstarke wurde verwendet. Der Vernetzungsmechanis- 
mus wird fur Dimethylolharnstoff, Brommuconsaure und einige Dialdehydvernetzer in 
den Einzelheiten diskutiert. Der Einfluss von Harnstoff und anderen Zusltzen auf 
die Vernetzungsgeschwindigkeit mit Dimethylolharnstoff wird beschrieben. 
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