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Diffusion coefficients for glucose solutions at 25 and 35° are reported for the concentration range 0 to 80 weight per cent-

glucose (the saturated concentration at 25° is 509, glucose).

The diffusion coefficients decrease nearly linearly with increase

of conceptration up to 50% but, at higher concentrations, approach the weight per cent. axis asymptotically. The logarithms
of the viscosity and of the diffusion coefficient for both glucose and sucrose solutions are each approximately linear functions
of the mole fraction of the solute; the viscosity, however, increases with concentration about 100-fold more rapidly than

the diffusion coefficient decreases, illustrating the relative independence of these two factors.
diffusion also increases approximately linearly with mole fraction.

The activation energy for
Over the whole concentration range the logarithm of

the diffusion coefficient is proportional to the activation energy which is in turn proportional to the entropy of activation.
The data are interpreted in terms of a diffusion mechanism based on the migration of water molecules having activation
energies increasing linearly with the mole fraction of the solute.

Introduction

In the first paper of this series, English and Dole?
published data for the diffusion coefficients of
sucrose in concentrated and supersaturated solu-
tions over the concentration range 60 to 74 weight
per cent. at 25 and 35°. This paper extends the
work to glucose solutions, and covers the entire
range of concentrations from 0 to 809, glucose.
Friedman and Carpenter®? have previously in-
vestigated diffusion in glucose solutions up to 0.6
mole/l. at 25° by the Northrop*-McBain® porous
disk technique.

Experimental

The optical system previously described? in which diffu-
sion coefficients can be calculated from the shift with time
of interference fringes by the method worked out by Longs-
worth,® Kegeles and Gosting,” and Coulson, Cox, Ogston
and Philpot® was used with only the slight modification of
replacing the plate glass windows of the cell with windows
ground optically flat to two wave lengths. Because of the
high viscosity of the 809, solution, the solutions were forced
into the diffusion cell by air pressure rather than by allow-
ing them to flow under the head of gravity.

Anhydrous glucose, 99.9 or better per cent. pure, from
the Corn Products Refining Co. served as the source of glu-
cose. The glucose was weighed out and mixed with dis-
tilled water to which alkali had been added in the ratio of 5
ml. 0.1 N NaOH to 595 g. of water. The refractive index
of a 209, glucose solution whose pH was slightly below 7 as
measured with a glass electrode was followed over a period
of 10 hours in order to determine any change with time. We
found a maximum change of 0.00007 refractive index units
which was considered to be negligible.

The accuracy of the data is probably as good as in the
previous work on sucrose? except perhaps in the case of the
809, glucose solution. The high viscosity of this solution,
approximately 21 poises as measured by us with a rotating
disc viscometer® made the formation of a sharp clean boun-
dary difficult. The large negative Af correction was prob-
ably due to a prolongation, bevond the moment of starting
the diffusion, of the flow used to sharpen the boundary.
The C: values were as constant as in the previous work?;
fringe numbers 2, 4, 6, 8 and 10 were used in computing
the C. average value. The variation in the slope of the re-
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fractive index~concentration plot over the range of concen”
tration differences used in this research was entirely neg”
ligible. Viscosity data were taken from Powell® who
studied glucose up to 50%; values at higher concentrations
were our ownl. Viscosities of sucrose solutions were taken
from standard tables.!!

Results

The results of the work on glucose are collected
together in Table I and plotted in Fig. 1. In
addition to the glucose solution data we also made a
measurement of the diffusion coefficient of a 409
sucrose solution at 25° in order to fill in that part
of the concentration range omitted by previous
workers, and one at 35° at a low concentration to
enable us to calculate activation energies.

TABLE 1
D1rrusioN COEFFICIENTS OF GLUCOSE SOLUTIONS
Moles D
Mole H.0/ X 107,
Wt. per cent. fraction, mole At, cm.2/
1 cz Cav. N glucose sec. sec.
25°
0.00 67.5%
0.00 1.50 0.75 0.000755 1323 —3.95 66.75
9.56 10.37 9.97 0.01094 90.4 —25.7 57.97

.02377 41.07 198 48,59
.04103 23.37  39.5  39.5p
.06274 14,94 4.3 30.14

49.00 51.04 50.02  .09099 9.99 348 21.9g
53.61 61.23 60.42  .1325 6.55 284 13.3;
69.67 71.20 70.44  .1923 4.20 323 6.29
79.75 80.56 80.16  .2874 2.48 —2,000 1.49
35°

0.00 84.9¢

0.00 1.675 0.837 0.000843 1184 ~13.2  84.0g
39.27 41.23 40.25  .06311 14.84 1.6 41.44
59.84 61.67 60.75  .13403 6.46 381 20.2g"
69.81 70.86 70.33  .19162 4.22 394 10.55
80.34 80.83 80.61  .20365 2.41 —s4 253

Sucrose at 25°
40.52 41,40 40.96 0.0352 27.4
Sucrose at 35°
0.00 1.47g 0.73g 2550

@ Extrapolated value.

Discussion of the Data

The diffusion coefficients of the glucose solutions
at 25° decrease linearly with increase of concentra-
tion expressed on a weight per cent. basis up to
about 309, glucose; the decrease then proceeds
less rapidly with concentration until at 809,

{10) C. W. R. Powell, J. Chem. Soc., 108, 1 (1914).

(11) Circular C 440, National Bureau of Standards, Washingtou
D. C.
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glucose the curve becomes pronouncedly convex
to the concentration axis as can be seen from Fig. 1
where the glucose and sucrose data are compared.
The behavior at 35 is similar. The data of Fried-
man and Carpenter® obtained by the porous
disc method agree well with ours at infinite dilution,
67.8 X 10~ as compared to 67.5 X 1077 cm.?/sec.,
but at higher concentrations their values rise above
ours. In the case of the sucrose data we also found
that the porous disc results were higher than ours.

We have been unable to compare the diffusion
coefficients for glucose with the values predicted
from the empirical equation of Gordon!? because
of unavailability of activity coefficient data of
glucose. By analogy with sucrose we would not
expect the equation to be applicable; in fact,
Gordon!® has recently pointed out that his equa-
tion is strictly valid only if

Dini _ Dini
7 =T, 69

“a condition that obviously cannot generally hold.”

Longsworth!* recently has published values for
the diffusion coefficient of a number of amino
acids, peptides and sugars at 1° and at one con-
centration for each. He quotes several empirical
equations for the diffusion coefficient in terms of the
molecular weight. In order to calculate the molec-
ular weight of the solute Friedman and Carpenter?
used the Stokes—Einstein relation in the form
_ R3T3p
T 1627 DEN?

where p is the density of the solute, NV the Avogadro
number and the other symbols have their usual
meanings. If we use the density of the solid, we
find 184 for the molecular weight of glucose from
eq. (2) but 409 for sucrose. The value for glucose
is close to the correct molecular weight, 180, but
the molecular weight of sucrose is considerably too
high. Longsworth!* found that the diffusion
coefficient of different solutes could be correlated
better with the apparent molal volume than with
the molecular weight. In terms of the molal
volume, eq. (2) may be written

kT [4xNTYs
= Grm L3V @)

M (2)

D

Using (3) to calculate the diffusion coefficient of
glucose and sucrose at infinite dilution we obtained
69.10 and 56.03 X 1077 cm.%/sec., respectively,
whereas the values extrapolated from the observed
data are 67.5 and 52.3 X 1077 cm.? sec.’® The
differences between the calculated and observed
amount to 2.3 and 7.8%.

Another way of testing eq. (2) is to use it be-
tween two temperatures to calculate activation
energies (assuming that p is independent of T),
and then to compare the activation energy cal-
culated from (2) with that observed. If we
restrict (2) to data for one solvent at infinite dilu-

(12) A. R. Gordon, J. Chem. Phys., B, 522 (1937).

(13) A. R. Gordon, THis JOURNAL, 72, 4840 (1950).

(14) L. G. Longsworth, #bid., T4, 4165 (1952).

(15) The value for Dg for sucrose at 25° was taken from the paper by
L. ). Gosting and M. Morris, THis JOURNAL, T1, 1998 (1949); it

also agrees with the extrapolated value estimated from the data of this
paper in conjunction with the data of English and Dole.?
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Fig. 1.—Diffusion coefficients of sucrose and glucose at 25°.

tion, then all solutes should have the same activa-
tion energy providing that p is independent of the
temperature. Between 1 and 25° the calculated
energy is 5042 cal./mole. Using the data for
glucose and sucrose of Longsworth!* at 1°, the data
for sucrose of English and Dole? at 25° and the
data for glucose of this paper adjusted to the same
concentrations in the two cases as used by Longs-
worth, we calculate the activation energy for
glucose and sucrose to be 5110 and 5160 cal./mole,
respectively. These results differ by only 14
and 2.39%, from those predicted by the Stokes—
Einstein equation. Hence eq. (2) can reproduce
the activation energy somewhat better than it can
reproduce the diffusion coefficient.

In studying the viscosity and diffusion data for
sucrose and glucose, we have found that the log-
arithm of the relative viscosity is a linear function
of the mole fraction of the sugar, Fig. 2. The
logarithm of the diffusion coefficient ratio, shown
in Fig. 2, is also approximately a linear function of
the mole fraction although the value for the 80%,
glucose solution (mole fraction 0.287) is out of
line with the data at the lower concentrations.
(This logarithmic function is not accurate enough
for extrapolation to zero concentration.) Since
at the highest concentration the relative viscosity
is 100-fold greater than the ratio Dy/D, it is clear
that the viscosity increases with concentration far
more rapidly than the diffusion coefficient decreases.
Apparently, these two phenomena are not related
in these highly concentrated solutions. This con-
clusion is also borme out by the comparison of
activation energies for diffusion and viscous flow
illustrated in Fig. 4.

It is interesting to consider the interpretation of
our data in terms of the absolute reaction rate
theory of diffusion as developed by Glasstone,
Laidler and Eyring.’® Consider their equation

(16) 8. Glasstone, K. J. Laidler and H. Eyring, ”"The Theory of

Rate Processes,”” McGraw~-Hill Book Co., Inc., New York, N. VY.,
1941, Chap. IX.



NN
GLUCOSE
e
SUCROSE o,
/
/
3 ?
/
/
/
/
L
/
AN
/| o8
[ ]
20 /
/
/
/
s °
/
/
/ >
/ o LOG
/. .//_J
1.0 / '8
/ //
/
hd ,/) l
/ ,
/ ,
o ’
I/ "/
9/l
P 7,
Y ol _ 0.2 03
X,
Mole fraction of solute.
Fig. 2.
D =2 Ehz ¢ASF/R.g~AE¥/RT (4)

where A is the distance between equilibrium points
in the solution across which the diffusing entity
must migrate in surmounting the potential barrier
of activation energy AE¥. This equation should
be applied, probably, only to self-diffusion co-
efficients,’” such as the value for glucose solutions
extrapolated to infinite dilution. At all other
concentrations the measured diffusion coefficient
is that of the solution and is probably influenced
in part by the diffusion of the water. However,
as we have no data for the self-diffusion coefficients
of glucose or sucrose in aqueous solutions (which
can be determined only by a tracer technique),
we shall limit our discussion to the measured diffu-
sion coefficients.

In Fig. 3 we have plotted the logarithm of the
measured diffusion coefficient against the activa-
tion energy calculated by subtracting RT from
AEa:. Wang® believes that the measured activa-
tion energy may be as significant theoretically
or more significant than AE¥ because of the fact
that the calculation of AE¥ by subtracting RT from

AEaq neglects any change of the factor A% */R
with temperature. As a matter of fact the rela-
tionships illustrated in this paper are not signi-
ficantly altered by the substitution of AE ¥ for AEact
or vice versa. Glucose solutions at 35° and sucrose
solutions at both temperatures follow the relation-
ship expressed in Fig. 3 with great exactness, but

(17) This was kindly pointed out to us by Professor A, W, Adamson
of the University of Southern California.

(18) L. H. Wang, THIS JOURNAL, T4, 1614 (1052); 75, 466 (1953),
and private communication.
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the slopes of the lines are not equal to —RT7/2.3
as we would expect from eq, (4); furthermore the
slopes decrease more in passing from 25 to 35°
than one would expect from the factor 1/RT.

2.0

GLUCOSE AT 25°

1.6 T

1.2

YogD + 7.

0.4

5 7 9 11
AE?*, keal./mole,

Fig. 8.—Relationship between the logarithm of the diffusion
coefficient and the activation energy.

From the linear relationship between log D and
AE¥ it might be expected that the entropy of activa-
tion would be constant over the concentration
range studied, but this is not the case. As a con-
sequence the term log [A%4S¥/R] must be linearly
proportional to AE¥ as has been found to be true.
In Table II we list the calculated values of the
entropies and energies of activation,

TaBLE 11
ENERGIES AND ENTROPIES OF ACTIVATION FOR DIFFUSION,
25 To 35°
Mole ABEact, [n2eAS :t/R]l/’r aS¥F,
fraction wWt. % k. cal, A. e.u.
Sucrose
0 0 4.40 2.23 1.50
0.0791 62 7.20 10.6 7.68
.0856 64 7.33 11.2 7.89
.1006 68 7.76 13.9 8.77
.1192 72 8.61 23.2 10.80
.1303 74 9.51 43.0 13.25
Glucose
0 0 4.20 2.19 1.41
0.0631 40.25 5.88 6.06 5.46
.1340 60.75 7.78 19.87 10.18
.1916 70.33 9.24 47.71 13.66
.2933 80.61 12.73 403.5 22.15

If the entropy of activation is equal to zero, then

the square root of A2%2S¥/R should be of the order
of magnitude of an Angstrém unit. From the
data of Table II it is evident that this is correct
at low concentrations; however, at 80% glucose
the value rises as high as 403.5 A., which is obviously
ridiculous. The entropy of activation must be



Aug. 20, 1953

considered, but before doing so let us discuss a
possible mechanism of diffusion.

At zero concentration the activation energies
for diffusion of both sucrose and glucose solutions
are equal within the experimental uncertainties to
that for the self-diffusion of water, 4.4 £ 0.3 kcal./
mole, as determined by Wang, Robinson and Edel-
man?® using O as tracer, This suggests that the
hypothesis given by Glasstone, Laidler and Eyring,
which postulates that for solutes of large size it is
the solvent molecule whose jumps between equili-
brium points in the liquid determines the activa-
tion energy for diffusion, may be correct, If we
adopt a value of 1.53 A. for \ as calculated by
Wang, Robinson and Edelman'® from dielectric
relaxation data of water, it becomes possible to
estimate the entropy of activation. The results of
this calculation are included in Table II where it
can be seen that at zero concentration the value is
about 1.5 e.u. If we make a similar calculation
from the diffusion data for the self-diffusion of
water, we obtain 5.59 e.u. Thus, the high value of
the diffusion coefficient of water in liquid water at
25%, 283 X 1077 cm,?/sec., as compared to sucrose
or glucose at infinite dilution is seen to be due to a
larger entropy of activation.

At high concentrations the entropies and energies
of activation, which are proportional to each other,
rise to very high values, At 809, glucose they are
22.1 e.u. and 12.1 kecal./mole, respectively, This
entropy value is greater than the gain in entropy
when ice melts, 5.2 e.u,, and greater than the rota-
tional entropy of a gaseous water molecule at 25°,
10.46 e.u. as calculated using the moments of
inertia given by Herzberg.” The energy of activa-
tion is greater than the vaporization energy of
water although it may be no greater than the ad-
sorption energy of a water molecule in the first
adsorption layer on solid glucose (which would be
interesting to measure).

The activation energy for diffusion for both
glucose and sucrose increases approximately lin-
early with the mole fraction of the solute as illus-
trated in Fig. 4. The activation energies in the
case of the sucrose solutions rise more rapidly with
concentration than do those of glucose solutions.
If the postulate with respect to the transitions of
water molecules between equilibrium points as the
rate determining factor in diffusion is correct,
then the increasing activation energy with in-
creasing mole fraction of the solute must be the
result of the participation in the diffusion process,
at the high concentrations, of water molecules
bound with considerable hydration energy to the
solute molecules. This hydration energy must be
added to the normal activation energy for such
water molecules to surmount the potential barrier,
The average activation energy at any one concen-
tration could then be expressed by the equation

E¥ = ETN, + Ex#hpN: (5)

where ET is the activation energy in pure water,

(19) J. H. Wang, C. V. Robinson and I. S. Edelman, THIS JOUR-
NavL, 78, 466 (1953).

(20) G. Herzberg, “Infrared and Raman Spectra of Polyatomic
Molecules,” D, Van Nostrand Co., Inc.,, New York, N. Y,, 1945, p.
488.
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EF the activation energy of water molecules in the
hydration shell, # the number of the water molecules
in such shell, p the relative frequency of hydration-
shell molecules making the diffusion transitions as
compared to normal molecules and N; and N,
the mole fractions of solvent and solute, respec-
tively. Equation (5) rearranges to

E* = ET + [EFhp — ET IV (6)

At very high concentrations where there is an
insufficient number of water molecules to hydrate
completely the solute molecule (at 80% glucose
there are only 2,4 water molecules per glucose
molecule), the average activation energy should
be given by the equation

EF = E:h‘:?lNl + EFN,
= E¥p, + [EF — EFpINe )

Here p. is the relative probability that a water
molecule having an activation energy E¥ makes
diffusional transitions as compared to a sugar
molecule whose activation energy is E¥, As in
this case all the water molecules are in the hydra-
tion shell, we do not need to include the factor &,
If this formulation of the activation energy is
correct, we would expect the slope of the activa-
tion energy—mole fraction curve to increase at high
concentrations. There is some indication from
Fig. 4 that this is correct.
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Because of the fact that the activation energy for
diffusion rises even above the heat of vaporization
of water, we are inclined to believe that the
mechanism of diffusion involves the simultaneous
breaking of several hydrogen bonds, as many as
three in the case of the most concentrated glucose
solution. If diffusion takes place by a rotation of a
sugar molecule in such a way as to carry a water
molecule forward as previously suggested by Eng-
lish and Dole,” several hydrogen bonds would have
to be broken in as much as the sugar molecule in
question would be hydrogen bonded to a number of
water molecules which would in turn be partially
bhonded to other sugar molecules.

The more hydrogen bonds that are broken in the
diffusion process, the greater the activation energy

D. L. Leussing aND I. M. KOLTHOFF
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and the greater the increase in entropy of the acti-
vated state. Referring to eq. (4) it is clear that if
AS¥ is the same at similar values of AE¥ for both
glucose and sucrose, the diffusion coefficient of the
two substances should be the same at the same AE *.
This is not quite the case as the diffusional entropy
for the sucrose solutions is less than the entropy
of the glucose solutions at the same activation
cnergy.
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In solutions with a pH between about 9 and 11, two complexes composed of iron(Il) and thioglycolic acid are found:
Fe(OH)(RS) (yellow), and Fe(RS),~(red), in which RS denotes ~O0OC—CH,S~. The equilibrium contants Kre(11); and
Krpe(11), of the reactions: Fe(OHYRS)~ + 2H ™ @ Fe™* + RSH~ 4+ H;0 and Fe(RS),” + 2H* & Fet+ + 2RSH~ were
found from solubility data to be equal to 1.5 X 1012 and 1.5 X 10%, respectively, at 25°. The ratio of the two constants
was also determined spectrophotometrically and found equal to 0.009 in good agreement with the value found from solu-
bility data. In weakly acid medium slightly soluble FeRS is formed. The activity constant Srers = ave+arsg-/ag+ was
found equal to 7. The intensely colored complex of iron and thioglycolate in alkaline medium is derived from ferric iron
and does not contain ferrous iron. Ferric iron catalyzes the air oxidation of thioglycolate to the disulfide. From solubility
data of ferric hydroxide in ammoniacal thioglycolate solutions, extrapolated to zero time when no reduction of ferric iron by
thioglycolate has occurred, it was postulated that the complex has the composition FeOH(RS),. The formation of the com-
plex is given by: Fe(OH)i(s) = 2RSH™ = Fe(OH)(RS),™ + 2H,0, with an equilibrium constant at 25° a’rsu/arerom-

(RS):= of 0.020.

Complex formation! between iron and thioglyco-
late has been made of analytical use in the colori-
metric determination of iron*~* and in the separa-
tion of iron from other metals.?® In air-saturated
ammoniacal medium a deep purple-red complex is
formed regardless, whether the iron was present
initially in the ferrous or ferric state.

In alkaline solutions iron({III) oxidizes thioglyco-
late to dithiodiglycolate, —O,CCH,SSCH,CO,-,
with formation of iron(II). Oxygen very rapidly
oxidizes the iron(II) in alkaline thioglycolate solu-
tions so the net result is the catalytic oxidation of
thioglycolate by oxygen.”~*® The rate of reduction
of iron(III) by thioglycolate increases with the
acidity of the solution and in acid solutions is very
rapid to form a colorless solution which does not
give the deep red color in the presence of oxygen.®
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Little has been reported on the composition of the
ferrous and ferric thioglycolate complexes existing
in aqueous solutions. Indeed, even the valence
state of iron is in doubt in the deep purple-red com-
plex. Lyons? postulates that it is a ferrous com-
plex, Dubsky and Sindelar!! claim that it is a ferric
complex and Mayr and Gebauer!? state that the
highly colored complex contains both ferrous and
ferric iron and has the composition KFe(III)
[Fe(II) (SCH2C02)2 ]2

Schubert?® and Mayr and Gebauer!? have pre-
pared solid ferrous-thioglycolate salts correspond-
ing to the composition Fe(SCH,CO,) (yellow) and
M,Fe(SCH;CO,); (red), where M is an alkali metal.
Fe(SCH,CO,) is reported to be insoluble but M-
Fe(SCH,CO,), dissolves in air-free water to form
light yellow solutions at low concentrations and
raspberry red solutions at higher concentrations.
The intensity of the color of these latter solutions
is much less than that of air-saturated alkaline
solutions containing the same amount of iron.

Michaelis and Schubert!? have attempted to pre-
pare solid salts of ferric iron and thioglycolate but
were unsuccessful because of the reduction of the iron
toferrous. They were able to prepare solid Co(III)~
thioglycolate compounds which existed as dimers.

(11) J. V. Dubsky and V. Sindelar, Microchim. Acta, 3, 258 (1938).

(12) C. Mayr and A. Gebauer, Z, anal. Chem., 116, 225 (1939).

(13) I.. Michaelis and M. P. Schubert, Turs Journar, 52, 4418
(1930).



