
Conformation of gelatin chains in aqueous 
solutions: 1. A light and small-angle 
neutron scattering study 

I. Pezron, M.  D jabourov*  and J. Leblond 
Laboratoire de Physique Therrnique, CNRS URA 857, ESPCI, 10 rue Vauquelin, 
75231 Paris Cedex 05, France 
(Received 1 August 1990; revised 8 October 1990; accepted 10 October 1990) 

Gelatin solutions in dilute and semi-dilute regimes were characterized by using light and small-angle 
neutron scattering techniques. Absolute intensity measurements allowed us to evaluate the molecular 
parameters of these protein chains (radius of gyration, persistence length, cross-section, mass per unit 
length) and to determine the quality of the solvent (0.1 M NaCI solutions in H20 or D20 at pH = 7 I. 
The classical model of worm-like chains was adopted for the theoretical interpretation of chain conformation 
in the sol state ( 7 = 50'C ) with a persistence length of about 20 ,~. In semi-dilute solutions the correlation 
length was measured for different concentrations. Agreement was found with the scaling laws, although 
the description is not totally satisfactory: non-trivial scattering effects are detected in both static and 
dynamic light scattering experiments, which can be attributed to the presence of inhomogeneities having 
a different local density. Their apparent radius of gyration is of the order of several hundred angstroms. 
The nature and extension of these inhomogeneities are discussed. 
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I N T R O D U C T I O N  

Gelatin is a biopolymer obtained from denaturation of 
collagen, the most abundant  protein in mammals.  At 
temperatures above 3 7 C ,  the gelatin solutions are in the 
sol state. Provided that the gelatin concentration is high 
enough (around 1%, depending on the gelatin compo- 
sition), solutions change into gels when they are cooled 
to room temperature:  an infinite network connecting all 
the chains throughout the solvent then appears. 

Gel properties have been extensively studied, but only 
little attention has been paid so far to the structural 
characteristics of gelatin chains in solutions, particularly 
in the concentrated regime, where the gels are formed. 
During the last decade, powerful radiation sources, 
such as synchrotron radiation and neutron sources, have 
become available to experimentalists working on con- 
densed matter. These facilities now allow characterization 
of a polymeric or a colloidal solution on spatial scales 
between 10 and 1000 A. At the same time, considerable 
theoretical progress has been made in understanding the 
structure of polymeric solutions in different ranges of 
concentration based on the analysis of scaling laws ~-4. 
In order to establish a valid test of the theoretical models, 
investigations were undertaken with samples of variable 
molecular weights, with different solvents and various 
polymer concentrations: in some cases, isotopic substi- 
tutions have been made. Such experiments, indeed, lead 
to improved knowledge of the structural and thermo- 
dynamic properties of dilute and semi-dilute polymeric 
solutions, but they only concern a limited number of 
'mode l '  samples. 
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Light scattering ( LS ) and small-angle X-ray scattering 
(SAXS) techniques 1 have been applied mainly to natural 
polymer solutions in the dilute regime. Molecular par- 
ameters such as radii of gyration, molecular weights, 
virial coefficients and sometimes persistence lengths 
have been determined for polysaccharides, globular or 
elongated proteins and nucleic acids. In the case of 
gelatin, in an early LS work, Boedtker and Doty s have 
reported measurements of the radii of gyration of the 
chains for different molecular-weight distributions. The 
effects of salt and pH on chain expansion have also been 
examined. The authors concluded that the model of ideal 
chains applies to the conformation of gelatin chains. 

In order to improve knowledge of the gelatin process, 
an investigation of the structure of aqueous gelatin 
solutions has been considered. Using two complementary 
techniques, LS and small-angle neutron scattering 
(SANS), we were able to extend the range of scattering 
vectors from 8 × 10 -4 to 3 x 10-1 / k - ' ,  which allowed 
us to characterize the gelatin solutions on a wide spatial 
scale and in different regimes of concentration. Besides, 
a quasi-elastic light scattering study was undertaken, 
which is reported in the accompanying paper ~'. We were 
then able to follow the modifications arising from 
gelation. This system, which is also being studied by 
several other techniques in our laboratory (theology, 
polarimetry, electron microscopy )" '8  provides a compre- 
hensive picture of gelation mechanisms. 

In this study we have determined the characteristic 
molecular parameters of the chains in the sol state and 
examined whether the existing statistical models can 
account for the measurements, for various gelatin concen- 
trations. Comparisons were made with other systems of 
linear polymers in solution. 
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EXPERIMENTAL 

Materials 
The gelatin sample is a lime processed ossein extract 

(Rousseiot gelatin, a photographic grade type), kindly 
supplied by Sanofi-Bio-lndustries. The molecular-weight 
distribution, obtained by gel permeation chromatography, 
is shown in Fiyure 1 : the major component is centred 
around M = 105 g mol-  1 (collagen single chain) and the 
distribution is characterized by a polydispersity index 
M~/M, = 2.3 with M,,. = 1.9 x 105g moi-1.  The iso- 
electric point for this sample is pH = 5. 

Gelatin solutions were prepared using the following 
procedure. First, dry gelatin granules were allowed to 
swell for 12h at T = 4 : : C  in a 0.1 M NaCI aqueous 
solution. A small amount of sodium azide was added to 
prevent bacterial contamination. The mixture was then 
heated to T = 50"C and stirred for 1 h. The pH was 
adjusted to pH = 7 by adding a few drops of sodium 
hydroxide solution. Concentration was measured by 
weighing the solutions and correcting for the amount of 
water adsorbed on the granules (10% by weight). In LS 
experiments, demineralized water (Millipore Super Q) 
was used and the samples were filtered with 0.45/tm 
Millipore filters. After filtering, the final concentration 
was checked by optical rotation measurements (the losses 
by filtration were negligible). In SANS experiments, 
heavy water D20  (99.8% pure) was used instead of 
water, to obtain better contrast and less background 
intensity (the large incohcrcnt background is mainly due 
to the scattering of protons). All concentrations are 
expressed in grams of gelatin per unit volume of the 
solution (gcm - 3 ). 

Techniques 
SANS experiments were performed on the PACE 

spectrometer at Laboratoire L6on Brillouin (Laboratoire 
Commun CEA-CNRS, Saclay, France). Using two 
different configurations, 2 = 12.3 ,& and 2 = 5.5 A, the 
scattering vector range covered was: 

5 x 10-3 < q  < 3  x 10-x ,& -1 

We recall that the scattering vector q is defined by 

10 s 10 4 10 6 
M 

Figure I Molecular-weight distribution of the gelatin sample, obtained 
by gel permeation chromatography on a Sepharose CL4B column and 
measured by absorbance at 2 = 230 nm (by courtesy of Sanofi-Bio- 
Industries ) 

q = (4r t /2)s in(0/2) ,  where 2 is the neutron wavelength 
and 0 the scattering angle. 

Experiments were performed using quartz cells thermo- 
stated at 50°C. with an optical path of 5 mm and counting 
times ranging from 3 to 10 h. The measured intensities 
were corrected for the background signal of the solvent. 
The contribution due to the incoherent background 
arising from protons of the gelatin chain was estimated 
by measuring the scattered intensity of an H 2 0 / D z O  
mixture containing the same H / D  ratio as the gelatin 
solutions. 

Absolute intensities (expressed in cm - 1 ) were obtained 
by normalization to the isotropic scattering intensity of 
protonated water, H 2 O. The contrast of scattering length, 
which appears as a constant factor in the expression for 
the scattering function of the solution (see for instance 
equation ( 11 )) is defined a s  9 : 

Vo / 

Here p and Po are, respectively, the scattering-length 
density of the polymer and of the solvent, y . f  and Y.fo 
represent the total scattering length of a polymer unit 
and of the solvent molecule, and v and v o are the 
corresponding volumes. We considered as a typical 
gelatin unit the sequence Gly--Pro-X,  X having an 
average composition of the remaining residues calculated 
from a standard composition of gelatin extracted from 
bones 1°. The molecular volume of this sequence is 306 ,/~3 
and the corresponding mass 265 g mol-1.  The contrast 
factor is found equal to (p - po) 2 = 1.79 x 1021 cm -4. 

LS experiments were performed with a vertically 
polarized He Ne laser beam, of wavelength 20 = 6328 A. 
The scattered intensity was detected for scattering angles 
ranging from 30: to 150 ~. The corresponding scattering 
vector range is: 

6.8 × 10-4 < q  < 2.5 x 10-3/~, -1 

The data were corrected for solvent scattering and 
variation of the scattering volume at different angles. 
Absolute intensities were obtained by comparison with 
the scattering of benzene. The contrast factor is related 
to the increment of refractive index dn/dc of the solution 
by the relation: 

12 r no (dn)2.2 t2) 
(P - -  P°)2 = ).o4/V~ \dcJ  

Here dn/dc was measured for gelatin solutions and found 
to be dn/dc = 0 . 1 8 m l g - t ;  d, the gelatin density, is 
1.44 g c m -  3; for aqueous solutions, no is the refractive 
index of water (1.33); N A is the Avogadro number. 

Knowing the absolute intensities for both techniques 
allowed us to gather data from different scattering vector 
ranges in one, almost continuous, plot. 

THEORETICAL BACKGROUND 

The dilute regime 
Structure factor of an isolated chain in solution. 

Scattering techniques are the only tools which give direct 
information on the conformational statistics of polymer 
coils. The conformation of a single chain in solution 
depends on both short- and long-range interactions 1. 
Short-range interactions between neighbouring monomers 
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originate from steric hindrance restricting the motion of 
molecular groups about chemical bonds and provide 
local rigidity to the chain. Short-range interactions may 
also be due to electrostatic effects, in polyelectrolyte 
solutions. However. these effects are screened in high-salt 
conditions. Rigidity is expressed through the value of the 
statistical unit length b, defined for instance in Kuhn's  
model ~ t. Monomers that are far apart along the chain 
may come close to each other and then undergo 
hmg-ran,qe interactions, which are governed by excluded- 
volume effects. The chain conformation depends on the 
balance between monomer  monomer  and m o n o m e r -  
solvent interactions and is characterized by the radius of 
gyration Rg, which is thc mean-square distance of all 
monomers to the centre of gravity of the polymer. 

The normalized scattering function of a single chain is 
related to the conformational statistics of its monomers 
through the relation" 

] ),; N 

Pl lq )=  N2 ~ ~ < e x p [ i q ( r ~ - r ~ ) ] )  131 
i " l  j = l  

where P~(q)is the structure factor of the single chain 
and N is the number of statistical units. Expression (3) 
can be simplified, by making assumptions about the 
conformation of the chains in different ranges of scattering 
vectors : 

(a) In the Guinier range (q < R, 1 ) the scattering 
function can be approximated by: 

Pl(q) ~- 1 - q 2 R ~ , 3  (4) 

Using this relation, one can determine the radius of 
gyration from LS experiments (Zimm plot). 

(b) In the intermediate range of scattering vectors 
(R.  i < q < h -  1 ) the structure factor is directly related 
to the statistical distribution of elementary units. Two 
cases are generally considered, the Gaussian coil and the 
swollen coil. A Gaussian coil is characterized by equal 
monomer  --monomer and monomer  solvent interactions 
(theta solvent). In a good solvent, the different inter- 
actions result in a repulsion between monomers" the coil 
swells. In the range q < h ~, Debye ~2 obtained the 
following expression for a Gaussian conformation" 

2(e -~ + x - 11 
t'~ (.x) = (5) 

X 2 

2 2 where x = q R~. For q - - , - r  the fol lowing simplified 
expression is derived" 

2 
P l ( q ) ~  (6) 

q2R~ 

Within 5% error, this characteristic asymptotic behaviour 
is reached at qRg = 5. The radius of gyration Rg is related 
to the molecular weight M, to the weight per unit length 
M, and to the statistical unit b. through the relation'  

hM 
R~ = (7) 

6M1 

For swollen coils, scaling laws "~ and computer simulations 
have shown that for q ---, ;c • 

p ~ ( q ) ~ q  1.,. (8) 

where v is the excluded-volume parameter ;  v = 3/5 in a 
good solvent. Strictly speaking, this prediction is valid 
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for infinitely long chains. Experimentally, to distinguish 
between two asymptotic behaviours requires a large 
enough range Rg- 1 < q < b-  t and very precise measure- 
ments 13. Practically, the intermediate scattering range 
starts beyond qR, = 3. 

(c) For q > b-  ' the local rigidity and the cross-sccuon 
of the chain have an influence on its scattering function. 
The structure factor of an infinitely thin worm-like chain 
has been calculated by Kratky and Porod ~'~. [-or q ~ -z 
and N ~ -s, : 

2zMl 
P l (q )  "~ (9) 

qM 

This is the scattcring from a rod-likc particle with a 
negligible thickness. When the cross-section is takcn into 
account an approximate relation can be obtained: 

Pt(q) ~ exp _q2 
qM 

where R~ is the radius of gyration of the cross-section. The 
correction term is important in the range h ~ << q < R[  t 

Scattering,/?om a dilute solution ol chains 
(a) A monodisperse sohaion. So far. only the scattering 

of single particles has been treated. [`or solutions 
containing n identical macromoleculcs, not only the 
single-particle scattering has to be considered, but 
interparticle interference effects must also be taken into 
account. Indeed. the scattering function ofchains in dilute 
solutions has been calculated by Zimm t~ in the presence 
of interference effects : 

P ( q ) = k c M [ P ~ ( q ) -  2A2cMP~(q) 2] (11) 

Here P(q) is the scattering cross-section per unit 
irradiated volume, M is the molecular weight of the 
chains, c is the concentration of chains (mass per unit 
volume), A 2 is the second virial coefficient, k = 
( p - p o ) 2 / d  2 is a constant, which depends on the 
scattering technique, and (p - Po )2 is the contrast factor, 
defined in equation (2). In the Guinier range of scattering 
vectors, equation ( 11 ) becomes : 

( """;) kc = I 1 + + 2.42c (12) 
P(q)  M 3 ] 

lnterparticle repulsive effects lead to a decrease of the 
scattered intensity with increasing concentration at small 
angles ( q --* 0 ). 

(b) A polydisperse solution. A macromolecular,  and 
especially a biopolymer, solution usually contains chains 
of different lengths. When the polydispersity is known 
from other techniques, like gel permeation chromatog- 
raphy, the mass distribution function can be introduced 
for correction of the scattering function 1. So, the c- 
averages of the structure factor and of the mean-square 
radius of gyration can be computed. The inverse operation, 
which consists of deriving the molecular-weight distri- 
bution from the experimental data, needs for practical 
use an extremely high accuracy of the measurements (see 
below). On the other hand, an approximate expression 
for the structure factor of single chains can be obtained 
by introducing a standard shape of molecular-weight 
distribution 16 like, for instance, the Schulz distribution1 ~, 
where polydispersity is accounted for bv a parameter U 

POLYMER, 1991, Volume 32, Number 17 3203 



G e l a t i n  c h a i n s  in  a q u e o u s  s o l u t i o n s .  I." I, P e z r o n  et al. 

that characterizes the width of the mass distribution : 

U = M . / M , , -  1 

M . / M .  is the polydispersity index. In the case of 
Gaussian coils, the following normalized scattering 
function is obtained1 : 

(Pl(q))z=-2[(l + Uy)-~W + y - 1] (13) 
( !  -t- U ) y  2 

where 

< R2 )=q 2 
y -  

l + 2 U  

The asymptotic q - 2  behaviour appears in the inter- 
mediate range of scattering vectors, as for a monodisperse 
solution of coils. 

In a dilute polydisperse solution, the Zimm equation 
(12) has to be rewritten by introducing the average values 
of the radius of gyration and of the molecular weight and 
by taking into account the polymer-solvent  interactions. 
One has : 

kc 1 ( l  + q 2 ( 3 2 ) Z ) +  2A2c (14) 
P(q) M .  

The semi-dilute regime in good solvents 
When polymer concentration in solution is increased 

above a certain limit c*, chains interpenetrate each other. 
The overlap concentration c* for a monodisperse solution 
can be deduced from the values of the molecular weight 
and of the radius of gyration of the chains. This limit 
determines the crossover between the dilute and semi- 
dilute regimes, which occurs when the concentration of 
the solution is comparable to the local concentration 
inside a single coil. Theoretical studies worked out by 
Edwards la, and more recently by des Cloizeaux 1~ 
Daoud et al. 2 and de Gennes +, predict that the structural 
properties of the solutions for c > c* can be expressed 
as a function of one fundamental parameter, ~, the 
screening length. In a good solvent ~ is the average mesh 
size of the transient network of chains. De Gennes + 
suggested that the pair-correlation function should follow 
an Ornstein-Zernike law. This assumption leads to a 
Lorentzian form of the scattering function, in the range 

~ - ]  . q < g  

P(O) 
P(q) - - -  (15) 1 + q2~2 

Plotting the inverse of the scattered intensity as a function 
of the square of q, a straight line should be observed, 
whose slope is ~2. According to the scaling laws, ~ varies 
with the concentration as: 

R ( c . ' ~  w<l-3v) 
~ =  *\c*.]  (16) 

where v is the excluded-volume parameter. In the range 
q > ~ - t ,  the scattering function is identical to a dilute 
solution of chains. 

EXPERIMENTAL RESULTS AND ANALYSIS 

In this section we shall examine the light and neutron 
scattering from gelatin solutions of different concen- 
trations. The data are analysed within the general 

theoretical framework that was introduced in the previous 
section. The aim of this analysis is : 

(i) to provide a full characterization of the conformation 
of the individual chains (radius of gyration, persistence 
length, cross-section and mass per unit length) and of 
the quality of the solvent (virial coefficient); and 

(ii) to describe the supramolecular arrangements in 
the entangled solutions, above the overlap concentration 
C * .  

This study was a necessary step before the investigation 
of the gel structure. Modifications of the scattering 
spectra due to gel formation will be examined in a 
forthcoming article. 

Figure 2 shows the scattering curves from gelatin 
solutions of various concentrations increasing from 0.2% 
to 5%. Absolute intensities I, normalized by concen- 
tration, are plotted on a double logarithmic scale as a 
function of the scattering vector q. The values obtained 
by light and neutron scattering are plotted. Heavy water 
D20  is used in SANS experiments and hydrogenated 
water for LS measurements, both solutions being 0.1 M 
NaCI at 'pH = 7'. Temperature was fixed at T = 50~C. 
The scattering vector range covered three decades, from 
5 x 10 - + t o 3  x 10-1A 1 while the amplitudes of the 
scattered intensities also varied over three decades, in 
particular for the most dilute sample, justifying a double 
logarithmic representation of/versus q. The experimental 
facilities did not allow measurements in the range 
2 x 10 -3 < q < 5 x 10 -3 A- 1. Concentration effects due 
to interparticle interferences only occur at small angles 
and they become more pronounced on increasing the 
number of macromolecules. At higher scattering vectors, 
q > 2 x 10 - 2  , ~ - 1 ,  the various plots are almost indistin- 
guishable. The different plots in Figure 2 correspond to 
the dilute and semi-dilute regimes, the limit between the 
two being around e* ~ 0.5% (see below). 

Chain con[brmation in dilute soh+tions 
The LS and SANS measurements. The data correspond 

to the concentration c =  0.2% in Fi,qure 2. The plot 
covers three ranges of scattering vectors, the Guinier 
range, the intermediate range and the asymptotic range. 

10 3 

1 0  2 

i 

E 
10' 

1 0  0 

LS SANS 

A I t  • 
0 o o  

* c = 0 . 2  % 
o c = 1 %  
• c =  2 %  
, c = 5 %  

1 0 '  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 0 "  1 0 ~ 1 0 ~ 1 0 "  1 0 ° 

q ( /k" )  

F i g u r e  2 Double logarithmic plot of normalized intensit~ (I.'c) rersus 
scattering vector q, for various concentrations of gelatin. Light and 
small-angle neutron scattering data are gathered. Gelatin solutions are 
0. I M NaCI, at pH = 7 and T = 50~C, in either H 20 or D ,O  solution 

3204 POLYMER, 1991, Volume 32, Number 17 



1000 I 
LS SANS 

--. l O O ~ .  

E I o  'N" 
= o 2  "-Q 

l "'¢ "# 

0 ,  i " 
o o o 

q ( , ~ '  ) 

F i g u r e  3 Absolute normalized intensity scattered by a gelatin solution 
of c = 0.2%. The experimental data are fitted using equation ( II ) in 
Guinicr and intermcdiatc scattering vector ranges: the dotted curve 
assumes a Schulz distribution of the molecular weight, with a 
pol.,,dispcrsity index of 2.3, and the full curve was calculated with the 
distribution gixen m 1-i#ure 1. Equation tl01 is used in the asymptotic 
rangc (broken curve ). The in,,erses of the average radius of gyration 
Rg and of the statistical unit b are also indicated. The numerical values 
for the parameters are gathered in li~hh, 1 

From a separate LS experiment ,° we have determined 
the z-average radius of gyration of the chains at infinite 
dilution and found Rg = 350 +_ 40,h,. The intermediate 
range, 3R~ < q < b- ' .  where both effects of polydis- 
persity and swelling occur, starts above q = 9 x 10 3 A-  1. 
We first attempted to fit the data, in both the Guinier 
and the intermediate ranges, by using the scattering 
function of polydisperse Gaussian coils, for which we 
have an analytical form (equations (13) and (14)). The 
best fit is shown on Fi.qure 3 with the following values of 
the parameters : 

M,,.= 1.9 x 10Sgmol - '  A 2 : 3 x  10 ' * m o l m l g  -2 

((R~)_.) ' 2  = 3 3 0 A  U = 1.3 

The weight-average molecular weight and the poly- 
dispersity index were assumed from gel permeation 
chromatographic measurements and the virial coefficient 
was determined from the Zimm plots 2°. One can see that 
approximate agreement is observed up to a scattering 
vector of 10 ' A-1 (dotted curve). The next step of this 
analysis is to justify how far the intermediate range 
should extend. To this end, one has to determine the 
persistence length of the chain. 

A close examination of the outer part of the curve (for 
instance, q > 5 × 10-2 A ' )  enables one to derive the 
local parameters of the chain. Assuming equation (10) 
to be valid and using absolute intensity measurements. 
by plotting log(q/ ,  c) t,ersus q2. one can derive simultane- 
ously the cross-section of the chain R~ and the mass per 
unit length M, :  

l o g ( q / ) =  . . . . . .  R2q2 + log(!P--  po)2 ) 
2 d2 -riM t (17) 

From thc slope of the linear part of the plot, as shown 
in Fi#ure 4. one can deduce R~ = (Y2 + 1 ) A. Such a 
value is in agreemcnt with the lateral cxtension of a 
collgen single chain dcrivcd from crystallographic data:  
R~ = 2.5 ,&. For comparison, R~ = 3.1 A for fully deuter- 
ated polystyrene ~.  One also derives M, = (28 + 8) 
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g tool - ' /~ ' when absolute intensity is considered. The 
mass per unit length can be calculated from the molecular 
composition of the chain: the average mass per three 
rcsidues being 265 g mol-1 and the Icngth of a pepfide 
bond being of the ordcr of 3-3.5 A, this gives a value 
for M, close to our experimental result (29.4 25.2 
gmol ' ,&- ' ). 

In order to derive the statistical unit h of the chain, 
one has to find the scattering vector q* corresponding 
to the transition from coil to rod-like behaviour. This 
can be done by using the so-called Kratky' representation. 
lndecd, when one plots q2(l c)exp(q2R~, 2)rersus q 
according to equation (10), one should observe, at large 
values of q, either a linear part with a slope proportional 
to M, for a rod-like behaviour or. according to equation 
(6), a horizontal line. The scattering from a rod-like 
particle is shown with a broken line. The intersection of 
the two scattering regimes occurs for an approximate 
value q* such as q*R~ ~ 1 and: 

q*b ~ 12,."~ (18) 

We find 0.08 < q* < 0.1 ,~- '. So, the statistical unit b is 
around b = (40 + 5)A. It should bc stressed that the 
asymptotic range of q vectors, q > b -1. holds for 
q > 2.5 x 10 2 A - 1  which indeed corresponds to the 
range where equation (1(1) was found to be valid. The 
persistence length, which by definition is l = h 2, is equal 
t o / =  (20 + 3),&. 

One may turn back to the whole scattering curve and 
try to tit the data by using the exact molecular-weight 
distribution, known from chromatography.  We assume 
a Gaussian chain conformation and take the numerical 
values of the statistical unit b. of the mass per unit length 
M~ and of the virial coefficient A 2 previously derived 
(equations (5), (7) and (11)). T h u s ' :  

£, l P, I M ) M m ( M ) d M  ( P ' ( q ) ) :  = -V/,,. 

where ,t( M )is the mass distribution function taken from 
Figure I. 

The plot is shown with a full curve in l"i,qure 3: one 
can see now the very good agreement between the 
experimental data and the calculated values. The discrep- 
ancy that appeared with the first [it (dotted curve) was 
probably due to the inadequacy of the Schulz equation'  ~ 
to describe the molecular-weight distribution of our 

10 0 

1 0  

0 • • 

1 0  . 2  e e ! e 

0,00 0,02 0,04 0,06 0,08 0,10 

q2(A-21 
F i g u r e  4 ( 'ross-sectional plot of a gelatin dilute solution (c - 0.2% ). 
The slope of the straight line. in the asymptotic range of scattering 
vectors, gi~es R -- 13.2 ± 11A 
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Figure 5 Kratky diagram of a dilute gelatin solution, c = 0.2% : the 
full curve represents the Gaussian chain (equation (11), molecular- 
weight distribution from Fi#ure l ) and the broken line is the asymptotic 
behaviour of an intinite rod-like chain with a cross-section R~ (equation 
110)). The intersection of the two curves indicates the approximate 
value for q* 

Table I Characteristic parameters of the gelatin chains deduced from 
the scattering experiments in the dilute regime 
m 

Parametcrs Numerical values 

( ( R ~ ) : )  '2  350 _+ 40 A 
M.  (1.9 + 0.1) x 10~ g mol 
M . . ' M .  2.3 
A 2 ( 3 +  1) × 1 0 - ' ~ m o l m l g 2  
h (40 + 5)A 
R, (3.2_+ I )A  
:V/1 (28 _+ 8)g  mol -l  A -I 

sample. The calculated curve is also shown in Figure 5, 
demonstrating the transition from coil to rod-like 
behaviour. 

Discussion. The characteristic parameters of our gelatin 
sample are summarized in Table ! with the corresponding 
errors. The overall picture that arises from this investi- 
gation of dilute aqueous solutions is in agreement with 
the assumption that this protein adopts in the sol state 
the conformation of random coils. This conclusion is 
mainly based on the detailed analysis of the scattering 
spectra over a wide range ofq vectors. The macromolecule 
is correctly dissolved in either H 2 0  or D20  solvents 
containing 0.1 M NaCI. These solvents are characterized 
by a high proportion of salt, whose effect is to shield the 
protein electrostatic charges 21. As a first approximation 22 
one can refer to the general theories of neutral polymer 
solutions and calculate an effective value of the Flory 
parameter Z, deduced from A 2. One finds 0.48 < Z < 0.49. 
Good solvents (polystyrene in carbon disulphide or in 
benzene) have Z parameters of the order of 0.40 to 0.45. 
The solvent quality for this system appears to be slightly 
lower, as can be expected for water-soluble polymers 
where intrachain hydrogen bonds may prevent maximum 
swelling. 

One can make some further comments. When dealing 
with flexible coils in good solvent solutions, the classical 
picture of Gaussian coils is incorrect: the main difference 
in the scattering function appears in the intermediate 
scattering vector range, where the power law given by 

equation (8) should be observed instead of equation (6). 
We were not able to detect such an effect. Indeed, as has 
been clearly demonstrated by Rawiso et al. 13, using 
polystyrene, one needs high-molecular-weight samples of 
rather flexible polymers in order to observe the scaling- 
law behaviour of swollen coils. Then, the range : 

R~l <<q<<b -1 

would be as large as possible. For low or moderate 
molecular weights, no distinction can be made between 
the two models because the intermediate q range is 
reduced too much. Besides, when polydisperse solutions 
are considered, the inequalities above are even more 
difficult to fulfil. Then, examining Figure 3 again one can 
see that the intermediate range extending from: 

3 ( (R~)_ )  - ' 2  < q < b -1 

is indeed limited and the experimental data are not 
accurate enough. One might expect to improve the 
analysis by using narrower molecular-weight distri- 
butions, but for a gelatin sample the average molecular 
weight can only decrease (by fractionating the sample). 

Finally, we wish to stress the order of magnitude of 
the persistence length. It appears to be around 20 A. This 
value is characteristic of a rather flexible chain. It 
corresponds to six polypeptide units along the chain or 
two sequences of the type G l y - P r o  X. The abundance 
of the glycine residue (one-third of the residues) may be 
responsible for the flexibility of the chain. By comparison, 
flexible polymers such as polystyrene or poly(vinyl 
alcohol) have a persistence length of about 10 A. A rigid 
polymer, like cellulose tricarbanilate, has a persistence 
length of 110/~23. The local rigidity of the chain is likely 
to be an important factor in determining the rate and 
the amount of helical formation and association during 
gelation. It should be interesting too, for instance, to 
correlate the persistence length of the chains and the 
length of the junctions in the gel: indeed, in the case 
of agarose 24 and of h'-carrageenans 25, long helicoidal 
sequences (1000 A) are formed from these very rigid 
chains. 

Structure of semi-dilute solutions 
We have investigated the scattering of semi-dilute 

solutions by varying the gelatin concentration : molecular 
weight, temperature and solvent are the same as in the 
previous study. The experimental data were shown in 
Figure 2. The measurements that are considered here are 
the three curves corresponding to concentrations 1%, 
2% and 5%. According to theoretical predictions, the 
structure factors of solutions in good solvents are 
expected to exhibit a Lorentzian behaviour (equation 
(15)) in the scattering range Rg- 1 < q < b- 1. So, we have 
plotted in Figure 6 the inverse scattered intensities, 
1-1 (q) versus qZ for the three gelatin solutions, in the 
range of scattering vectors 5 × 10 -3 < q <5 × 10 -2 ,~- 
A linear part is indeed observed approximately in the 
range 1.5 x 10 -2 < q < 5 x 10 -2 A -1. However, at lower 
scattering vectors, q < !.5 x 10 -2 A-  ~, a deviation from 
the Lorentzian shape appears, which is an excess 
scattering with respect to the linear law. We analyse 
separately these two ranges of scattering vectors. 

First, we shall make the assumption that the linear 
part of each plot reflects, with no perturbation, the 
entangled regime, so that the correlation length can be 
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Figure 6 Inverse scattered intensities (/.  c) - ~ rersus q" for semi-dilute 
gelatin solutions (5 x 10 3 < q < 5 x I0 -2 A ~ ) of concentrat ions 
2% and 5%. In the range of scattering vectors 1.5 x I0 2 < q  < 5 x 
tO 2 A -  ) a linear dependence is observed whose slope allov, s one to 
calculate ~. -lhc values extrapolated to the vertical axis determine the 
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Figure 7 Concentration dependence of the screening length, illustrating 
the transition from dilute to semi-dilute regime. A power lay, with an 
exponent 0.6 is observed in the semi-dilute range. In the dilute range. 

is the apparent  screening length, which can bc calculated from the 

Zimm equat ion ( 141. For  intinite dilution one has ~. R,~ ~ x 3 Isce 
for instance ref. 31) 

Table 2 Correlat ion lengths and sizes of inhomogeneitles 
semi-dilute solutions 

u (%) .~ (AI 

1 70  + I0 
2 51& 
5 3 5 -  

in the 

a (A) 

22O 
135 

deduced. Three values can bc extracted, which arc 
gathered in Table 2. The concentration dependence of 
the screening length is shown in Fiqure 7. By plotting 
both equations ( 14 ) and ( 15 ), the transition from dilute 
to semi-dilute regime is clearly illustrated. The concen- 
tration dependence of the screening length ~ is expected 
to follow a power law with an exponent of - 0 .75  for a 
good solvent, and - 1 for a theta solvent. Although there 
are only a few data points, our experimental results 
suggest a rather smaller value, between - 0 . 5  and -0 .7 .  
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Such a value is consistent with the picture of a semi-dilute 
solution which does not display strong swelling effects. 
Indeed, Schaefer et  al. 2°'2v have undertaken an analysis 
based on a perturbation theory of the mean-field approxi- 
mation, which applies to polymer solutions where 
excluded-volume effects are weak, but not absent. This 
regime was called by Schaefer 2~ the marginal regime. The 
marginal regime is an intermediate state between a good 
solvent and a theta solvent, and it is observed in solutions 
of semi-flexible chains. With increasing concentration, 
the marginal regime starts from c - ,  a value close to c*, 
c-  > c*, and extends to a c + value, which is c + ~ ( 1 - 2Z). 
In this concentration range, the g, exponent should be 
close to -0 .5 .  Our measurements are consistent with 
this interpretation (c + = 5%). 

Wc focus now on the cxcess intensit? that appears at 
low angles. Excess intensities were clearly pointed out in 
kigure 6, where (1) ~ was plotted r e r s u s  q2. By taking 
the numerical values for ~ given above, one can show on 
a double logarithmic plot of l(q) the contribution of the 
Lorentzian component and the amount of excess scattering 
(Fi.qure 8). Excess scattering has already been reported 
in a number of polymeric solut ons -s '-  although others 
have been found in full agreement with the Lorentzian 
behaviour 3" (see next section). To account for the 
angular distribution of excess intensities. Kolberstein et 
al. 3~ adapted the Debye Bueche ~2 theory of scattering 
by a heterogeneous solid to the case of polymer solutions: 
contributions from long-range concentration fluctuations 
appear in inhomogeneous solutions, in addition to the 
scattering due to the uniform part. If the spatial scale of 
the density fluctuations due to inhomogeneitics is large 
compared to the correlation length d. then the two 
contributions can be treated separately and added to 
calculate the total intensity: 

l (q)  = I L . . . .  t,(q) + l¢,(q) (19) 

Debye and Bueche proposed to characterize the extensions 
of the inhomogeneities by a correlation function 7(r) 

10 2 

,_. 10 
"7 

2, 

10 o 

1 0  

. . . . . . . . . . . .  - ' - .  % ....... l.orentzian 
.............................. "x'"~"'-'%L - - ~ " ~ 1 ~  - - l)ch~e-Bucchc 

\~ ~oo 

. . . . . . . . . . . . . . . . . . .  . . . . . . .  , . >  . . . . . .  q 

0 ~ 1 0 .3 1 0 ~ 1 0 '  1 0 ° 

q (A-') 

Figure 8 Reconstructed scattered intensit? l ( q )  obtained by adding 
the two contr ibut ions for a ¢ ~  5% solution. The dotted curve 
represents the Lorentzian behaviour with .; = 35 A lequat ion q1511+ 
the broken curve is the contribution of the inhomogeneities (equation 
(21) with a = 135 A) and the full curve is the total intensit3, (equation 
(19)). A satisfactory agreement with the experiments can be seen in 
the accessible range of q vectors 
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Figure 9 Excess scattering according to Debye .Bueche model. A 
linear dependence for l~,(q)-~;2 versus q2 is observed, whose slope 
gives the parameter a for c = 5% 

having an exponential decay over a typical length a: 

7(r)  = e x p ( - r / a )  (20) 

The analytical expression l=,(q) of the scattering from 
inhomogeneities of a characteristic size a is given by the 
Fourier transform of equation (20): 

Io,(O) 
l = , ( q ) -  (21) 

(1 + q2a2)2 

We have subtracted from the total intensity l (q )  the 
Lorentzian component It. . . . .  tz(q)  and determined the 
excess scattering l,x (q). Then, by plotting l~x ~'2 (q) versus 
q2, we have tested the validity of the scattering law given 
by equation (21), as is shown in Figure 9, for the 5% 
solution. Indeed, the characteristic sizes of the inhomo- 
geneities deduced from the slope of l~ (q )  -1;2 are 
a = 220 A for the 2% solution and a = 135 ,~ for the 5% 
solution. These values are reasonably large compared to 

(¢ = 51 ,~ and ~ = 35 A respectively). The addition of 
the two components is shown in Figure 8 for the 5% data. 

DISCUSSION AND CONCLUSIONS 

This investigation of the gelatin solutions leads to the 
following conclusions: 

In the dilute regime, the chains are well dissolved. The 
model of a worm-like chain appears to describe correctly 
the chain conformation in dilute solutions ; the persistence 
length of 20 A indicates that the gelatin chains are less 
flexible than polystyrene, but much more than other 
biopolymers, like the polysaccharides, which are known 
to forms gels via a mechanism of helix formation 
(agarose). 

The semi-dilute solutions exhibit scattering laws that 
do not agree with the universal picture of homogeneously 
entangled chains. LS and SANS measurements definitely 
reflect a departure from Lorentzian behaviour. The origin 
of these effects is not well understood, although they have 
been reported for other systems, like polystyrene in 
various solvents. For instance, for polystyrene in benzene 
(good solvent ) or in cyclohexane (poor solvent ) an excess 
scattering appears 31, which depends on the experimental 

conditions of preparation : upon centrifugation the excess 
scattering is attenuated, but an ageing effect appears 
when the sample is kept for a long time. It is not clear 
which preparation procedure leads to the equilibrium 
configuration of the solution. Gan et al.  33 working with 
atactic polystyrene in p-dioxane and in tetrahydrofuran 
(THF)  noticed that the excess scattering is temperature- 
dependent. Measurements were totally reversible in 
heating and cooling cycles. Thus, at the moment there 
is no unanimous agreement about the origin of the excess 
scattering. In the first reference 31, the authors found that 
parameter a was larger than the radius of gyration of the 
dilute chains by a factor of 4, for low molecular weights 
(6 x 104g mo1-1) and equal to R for high molecular 
weights (3 x 10 ° g mol-  1 ). Gan et  ~//.33 noticed that the 
length a decreased with concentration as c-  1. 

In relation to the static measurements, we also 
performed dynamic LS experiments, which are reported 
in the accompanying paper °. These experiments corrobo- 
rate the statement that the entangled gelatin solutions 
are not totally homogeneous. Indeed, the presence of a 
diffusive 'slow mode'  was detected in the semi-dilute 
solutions, in addition to the fast diffusive mode, which 
is attributed to the cooperative movement of the chains 
('pseudo-gel' behaviour). For gelatin solutions of concen- 
trations varying from 1 to 20%, the diffusion coefficient 
of the slow mode decayed as the inverse of the macroscopic 
viscosity. This apparent Stokes-law behaviour enabled 
us to determine an equivalent hydrodynamic radius for 
the diffusing species, which is of the order of 750 A. 

The radius of gyration of the inhomogeneities, in the 
Debye-Bueche model, can be calculated: it differs from 
parameter a by a numerical factor. Indeed, the mean- 
square radius ( r  2 ) 1;2 can be deduced from 7 (r) (equation 
(20)) by the usual statistical definitions TM. We found: 

<r2) t:2 /~ = ~ / 1 2 a  

For 2% and 5% solutions the radii of gyration of 
inhomogeneities would be respectively 760 A and 460 ~,. 
These values are comparable to those derived from 
dynamic LS, although some questions remain, such as the 
following. 

(i) lnhomogeneities may have a distribution of sizes. 
Within the range of accessible scattering vectors, the static 
experiments are more likely to detect the smaller ones, 
while the temporal spectroscopic investigations are more 
sensitive to the slow movements due to the larger species. 
Thus, it would be interesting, for instance, to measure the 
scattering patterns at smaller q vectors (~  10-* ,~-1) in 
order to reach the Guinier range of the largest particles 
present in solution and to determine their radius of 
gyration. 

(ii) Density contrast between inhomogeneities and the 
remaining solution is a crucial parameter in deriving their 
size. For increasing concentrations, we noticed that the 
parameter a of the Debye Bueche model decreased. 
Supposing that inhomogeneities have a dense core sur- 
rounded by an entangled envelope, we can imagine that 
the chain concentration in the outer part of the inhomo- 
geneities is closer to the solution, for increasing amounts 
of gelatin. This concentration effect, then, leads to an 
apparent decrease in size of the objects and it could also 
imply that inhomogeneities have a complex specific 
structure. 

(iii) One may question as well the validity of the 
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Figure 10 Scattering from semi-dilute solutions of deuterated poly- 
styrcnc in CS,. The polystyrene sample had a polydispersity index of 
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scattering curves have a Lorcntzian shape, as shown from the linear 
d c p e n d e n c e o f l  i lq)rersu.~ q2 

theoretical model that we used to interpret LS and SANS 
measurements. Decomposition of the scattered intensity 
into two components, equations (15) and (21), first of 
all, supposes that the Lorcntzian distribution with a single 
parameter ~ shoud be valid for an entangled solution of 
polydisperse chains. Therefore, in order to make a 
comparison with another system with approximately the 
same polydispersity index, we investigated a solution of 
deuterated polystyrene dissolved in CS z (good solvent). 
This sample was characterized by M,,. = 2.2 × 105 g mol- 
and a polydispersity index of 1.7. The results for SANS 
experiments are shown in Fiyure I0 and they indeed 
display a simple Lorentzian shape. The ~ parameters 
deduced from the plots are ~ = 5 5 A  and ~ = 2 2 A  
respectively for c =  1% and c = 5%. These values arc 
comparable to those of the gelatin sols. Secondly, the 
choice of the Debye Bueche model may not be unique; 
nevertheless it provides a correct order of magnitude for 
the size of the inhomogeneities and it fits the experimental 
data within the accessible range of q vectors. 

Thus, we may conclude that both static and dynamic 
scattering experiments suggest that, in the standard con- 
ditions of preparation, the aqueous semi-dilute solutions 
contain inhomogeneities of the order of several hundred 
angstroms. More work is needed in order to elucidate 
the origin of these effects ~'. 

Another point that has been discussed in the literature 
is the possible relation between the excess small-angle 
scattering and the physical gelation ability of some 
polymcric solutions, likc atactic polystyrene in a few 
selected solvents. Gan eta[. 3~ have noticed a relatively 
good corrclation bctwccn gclation properties of these 
solutions, excess scattering and chain solvation: they 
suggested that formation of local 'crystals' or complexes 
between polymer and solvent was at the origin of the 
gelation process. In gelatin solutions, the mechanisms of 
gelation is now well accepted as being induced by the 
conformational change coil ~ helix, where the triple 
hclices are stabilized by hydrogen bonds. The role of the 
solvent is important in the gelation mechanism3'( as 
water molecules participate in the formation of the 
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junctions in which they are specifically oriented inside 
the triple helices. There is no evidence, however, from 
this investigation for a possible relation between the 
presence of a few inhomogeneities in the hot solution 
and the gelation ability of the gelatin solutions. A simple 
argument that one can give is that these domains are in 
any case in a small number (small volume fraction) and 
therefore they cannot drive the gclation mechanisms, 
which must involve the whole solution. They certainly 
represent a source of non-homogcncity of the gels as 
they form. 
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