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Int this paper we report measurements of self-diffusion and viscosity as a function of chain length and charge for

some protonated and unprotonated amines and for some disulfonate ions.
theory of diffusion of short-chain molecules is an accurate description of real systems.
viscosity is qualitatively correct but quantitatively in error by a factor of two.
on an ethylenimine leads to an extended molecular configuration.
between uncharged ethylenimines and the water leads to zero slip between molecule and solvent.

It is found that: (a) The Peterlin
(b) The Peterlin theory of
(¢) The placement of two charges
(d) The possibility of hydrogen bonding
Therefore,

classical hydrodynamic conditions are satisfied and the system behaves differently (larger friction constant) from

what would be expected from other studies in nonhydrogen bonding solvents.

(e) When charges are placed on

the ion the local water structure is modified, decreasing the efficacy (or even possibility) of hvdrogen bonding.
There is a range of variables wherein the friction constant per bead drops on going from the neutral tnolecule

to the bolion because of the change in solvent interactions.

(i) The transition from simple ion to polyion re-

quires more than five charges per ion and longer chain lengths than considered herein.

I. Introduction

Among the interesting and little understood aspects
of the solution behavior of charged macromolecules are:

(a) What is the nature of the transition from small
molecule behavior to large molecule behavior, and how
does the charge distribution on the solute molecule
influence the transition? (b) How do the frictional
properties of a given polymer-solvent system alter when
the polymer becomes charged?

It is the purpose of this paper to describe experi-
mental studies of diffusion in the systems ethylene-
diamine, diethylenetriamine, ., polyethylenimine—
water. The experiments are designed to answer, at
least in part, the two questions cited.

Examination of the literature reveals that there
have been very few studies directed toward under-
standing the transition between small molecule and
macromolecule solution behavior. For the case of
uncharged polymers in a low molecular weight solvent,
the following should be cited: (a) Holtzer, Benoit, and
Doty? showed that the effective bond length of cellulose
trinitrate in acetone solution decreases when the
degree of polymerization becomes small. The studies
could not be carried to very low molecular weights
and therefore the transition region could not be exam-
ined in detail. From the available data, however, it
can be estimated that the transition is reached when
the degree of polymerization exceeds 5()(.

(b) Peterlin has developed a theory of the diffusion
and viscosity of small chain molecules.?? Attempts
to test this theory have not heretofore been completely
successful because data for very short chains have not
been available. Peterlin’s analysis of the viscosity of

(1) (a) NRC-NBS Postdoctoral Research Associate, National Bureau of
Standards, Washington, ID. C. (b) Permanent address: Department of
Synthetic Chemistry, University of Nagoya, Nagoya, Japan.

(2) A. M. Holtzer, H. Benoit, and P, Doty, J. Phys. Chem., 88, 633

(1954).
(3) (a) A. Peterlin, J. chim. phys., 47, 669 (1950); (b) 48. 13 (1951).
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cellulose nitrate indicates a long transition region with
long-chain behavior not reached until the degree of
polymerization exceeds 500. Rice has shown® that
the Peterlin theory can be applied quantitatively to
the description of the limiting conductance of flexible
bolions, but the available data do not permit examina-
tion of any possible transition region.

(¢) Bronsted and Koefoed® have studied the
thermodynamic properties of mixtures of paraffin
hydrocarbons. The results indicate that for molecules
as small as dodecane (in hexane) the thermodynamic
properties of the solution are adequately described by
the same molecular model that fits the thermodynamic
properties of high molecular weight solute in the same
solvent. Although this result might be interpreted
to indicate that any transition region must lie below
a degree of polymerization of 12, it is a more likely
explanation that the gross thermodynamic properties
are sufficiently insensitive to molecular configuration
that no differentiation of behavior is observable.

(d) McCall and co-workers? have made extensive
studies of self-diffusion as a function of chain length
in the paraffin hydrocarbon and linear dimethylsiloxane
series. Comparison with solution studies is difficult
because the “solvent” changes from compound to
compound. Nevertheless, the data are interesting.
In the case of the linear dimethylsiloxanes, it is found
that the rate of change of self-diffusion coefficient with
increasing chain length becomes much smaller for
molecules containing more than five silicon atoms than
for smaller molecules. The analogous transition in the

(4) A. Peterlin, J. Polymer Sci., 8. 173 (1952).

(5) S. A. Rice,J. Am. Chem. Soc., 80, 3207 (1958).

(6) J. N. Bronsted and J. Koefoed, Kgl. Danske Videnskab. Selskab, Mat.-
Fys. Medd., 22, No. 17 (1946).

(7) D. W. McCall, D. C. Douglass, and E. W. Anderson, Phys. Fluids,
2. 87 (1939); J. Chem. Phys,, 80, 771 (1959); D. C. Douglass and 1). W
McCall, J. Phys. Chem., 82, 1102 (1958): . W. McCall, E. W. Anderson,
and C. M. Huggins, J. Chem. Phys., 34, 804 (1961)
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TaBLE I

CHEMICAL ANALYSIS OF VARIOUS AMINE HYDROCHLORIDES

—~—Carbon, %,

Caled. Fnd. Caled. Fnd.
ED-2HCI® 18.06 18.25 7.58 7.56
DT-3HCI*
TT-4HCI"

~——Hydrogen, %——

~——~=Chlorine, 9——— Nitrogen, p———

Caled. Fnd! Calced. Fnd.
53.31 53.41

50.04 50.10 19.77 19.63
48.56 48.33

# Tlie abbreviations ED, DT, and TT represent ethylenediamine, diethylenetriamine, and triethyvlenetetramine, respectively.

paraffin hydrocarbon series occurs at somewhat larger
chain lengths. From studies of the temperature de-
pendence of the self-diffusion coefficient it may be
estimated that long-chain behavior is achieved for
carbon chains containing more than 20-30 carbon
atoms. It is interesting to note that the length of the
transition region, as well as its position on the scale of
chain length, may depend on the solvent. Thus,
McCall notes that studies of the pressure dependence
of mutual diffusion in mixtures of n-hexane, n-octane,
and #n-decane with polyethylene suggest that the same
molecular configuration is required for diffusion in each
case. This is, in our opinion, likely to be a reflection
of the dominant role of the solvent in determining the
frictional force acting on a solute molecule. It should
also be noted that the flexibility of the linear dimethyl-
siloxanes is much greater than that of the linear parafiin
hydrocarbons. In turn, the flexibility of the hydro-
carbons greatly exceed that of cellulose and cellulose
derivatives. It is therefore to be expected that in
solution in a low molecular weight solvent any transi-
tion region will be at a higher degree of polymerization
for cellulose molecules than for paraffin molecules, and
for paraffin molecules than for siloxane molecules.
Further, it is to be expected that the liquid structure
of the dimethylsiloxanes will be more disordered than
that of the corresponding paraffin hydrocarbons (where
a parallelism of molecules is slightly favored) and
therefore that any transition from small to large mole-
cule behavior (as exhibited, say, in self-diffusion) will
be in a range of smaller chain length.

(e) Longsworth® has made an extensive study of the
relationship between the mutual diffusion coefficient
and the solute molecular volume for the case of com-
pact molecules. Some similar studies have been made
by McCall® of self-diffusion, and the extensive data on
the limiting conductance!® of ions in water can also be
used to provide correlations of molecular friction with
molecular volume.

Further examination of the literature reveals that
even fewer studies have been made of the small mole-
cule-polymer transition when the molecule is charged.
For the case of compact ions we have already cited
conductivity studies. For the case of linear molecules,
Lapanje, Haebig, Davis, and Rice!! showed that, in
agueous solutions of polyethyleneiinine hydrochloride,
both the counterion activity coefficient and the extent
of counterion binding indicated the transition region
to lie at a degree of polymerization (now referred to
charges) greater than 5. There is a slight indication
in their data that at a degree of polymerization of 3,
the transition is just beginning or is not far off. Nothing
1s known of the relationship between solute charge
distribution and the transition to polymeric behavior.

There is very little information available with which
to answer the second of the questions posed. It is
clear that any changes in the frictional properties of

18) L. G. Longsworth, J. 4m. Chem. Soc., T8, 5705 (1953),

9) D. W, McCall, . C., Douglass, and E. W. Anderson, J. Chem. Phys.,
31, 1553 (1939).

(10) See,for example, R. Robinson and R. Stokes, “Electrolyte Solutions,"’
Butterworths, London, 1953,

(11) S. Lapanje, J. Haebig, H. T. Davis, and S, A. Rice, J. Am. Chem. Soc..
83, 1590 (1961).

the molecule due to charging involve changes both in
the solute—solvent interaction and in the local structure
of the solvent. Despite extensive studies of the
properties of small spherical ions, the only generaliza-
tion to emerge from studies of aqueous solutions is an
empirical correction to Stokes’ law.

The results of the investigation presented herein
show that: (a) The Peterlin theory of diffusion of short-
chain molecules is an accurate description of real
systems. (b) The Peterlin theory of viscosity is quali-
tatively correct but quantitatively in error by about a
factor of two. (c¢) The placement of two charges on
an ethyleneimine leads to an extended molecular con-
figuration. (d) The possibility of hydrogen bonding
between uncharged ethyleneimines and the water leads
to zero slip between molecule and solvent. There-
fore, classical hydrodynamic conditions are satisfied
and the system behaves differently (larger friction
constant) from what would be expected from other
studies in nonhydrogen bonding solvents. (e) When
charges are placed on the ion the local water structure
is modified, decreasing the efficacy (or even possibility)
of hydrogen bonding. There is a range of variables
wherein the friction constant per bead drops on going
from the neutral molecule to the bolion because of the
change in solvent interactions. (f) The transition
from simple ion to polyion requires more than 5 charges
per ion and longer chain lengths than considered herein.

II. Experimental Details

Ethylenediamine (ED), diethylenetriamine (DT), triethylene-
tetramine (TT), and tetraethylenepentamine (TP) were pur-
chased from the Eastman Kodak Co. The ethylenediamine was
95 to 1009, Eastman Grade; the others were technical grade
chemicals. Ethylenediamine and diethylenetriamine were dis-
tilled at atmospheric pressure; their boiling ranges were 115.5
to 116.5° and 250 to 251°, respectively.  Triethylenetetramine
and tetraethylenepentamine were distilled at reduced pressure;
tlieir boiling ranges were 122 to 123° and 250 to 251°, respec-
tively, at a pressure of about 6 mm. The exhaustively protonated
salts (herein referred to as completely quaternized) were prepared
by adding concentrated hydrochloric acid to the pure amine after
it had been frozen in Dry Ice—acetone cooling mixture. These
salts were then precipitated five times from aqueous solution with
cold 957 ethanol. The precipitates were filtered by suction and
dried int a vacuum oven at 40 to 50°.  The results of micro-
analyses are displayed in Table I. The partly quaternized
salts were prepared by adding 2 N hydrochloric acid to amine solu-
tions of convenient concentrations.

The polvethvlenimines (PEI) were a gift from the Chemirad
Corporation. They were said to be anhydrous and to have esti-
niated molecular weight ranges of 19,000 to 25,000, 25,000 to
35,000, and 36,000 to 48,000. The first sample was light yellow,
but tlte others were white. The properties of one older saumple
of the polymer with a molecular weight of 3,600 were also studied.
It is necessary to mention that the manufacturer’s estimate of the
molecular weights was found to be grossly in error. Front meas-
urements of freezing point depressions and viscosities tlte number
average and weight average molecular weights were found to be
275 and 680 for the 19,000 to 25,000 sample, 540 and 1,100 for the
25,000 to 35,000 sample, and 550 and 2,600 for the 36,000 to
48,000 sample. The molecular weight of the older sample is
believed to be correct at 3,500, but it had been depleted before
freezing point and viscosity measurements were started. It
should be noted that the polymers are quite polydisperse,
M../M, ranging from about two to about five. Althougl vis-
cosity nieasurements could provide useful information, the
diffusion was dominated by the low-molecular-weight tail of the
distribution, and only the diffusion coefficient for the lowest
degree of polymerization could be used. In the earliest stages of
this investigation an attempt was made to syuthesize tlie octa-
niine and tlie decamine, but the vields were so poor that tlhis
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TaBLE II T T T T T T
DiFFUSION CCEFFICIENTS OF UNCHARGED MOLECULES
D X 108, 2 b 4
Compound cm.?/seq.
ED 10.5 ) -
DT 6.95 ‘-3 Triethylenetetramine Dihydrochloride
TT 6.25 E0r ]
TP 5.80 & L i
PEI (N = 47) 3.90 & ~
PEI (N = 240) 1.60
2 - 4
TaBLE IIla TasrLe IIIb

DirsrusioN COEFFICIENTS OF
BoLaFoRM IONS

DirrusioN COEFFICIENTS OF
BOLAFORM SALTS

D X 108, D X 106,
Salt cm.? sec. ! Ion cm.? sec. Tt
ED-2HCI 13.8 ED-H,** 8.40
DT 2HCI i2.2 DT -H,*+ 6.78
TT -2HCI 10.3 TT -H.** 5.19
TP-2HCI 9.60 TP -Ho++ 4.68
BDS- K. 12.0 BDS~ 6.80
BPDS K, 10.25 BPDS™ 5.22
TPDS K, 9.50 TPDS= 4.69
TaBLE IV
VIscOSITIES OF BOLAFORM ELECTROLYTES
Compound [7] (100 cc./g.) F(X\8)
ED-2HCI 5.8X 1073 3.62
DT-2HCI 1.3 X 107? 2.03
TT-2HCI 1.9 X 1072 1.32
TP-2HCI 2.5X 1072 0.98
TABLE Va TaBLE Vb

Dirrusion COEFFICIENTS OF DIFFUSION COEFFICIENTS OF
HicHLY CHARGED SALTS HicHLY CHARGED IOXS

D X 108, D X 10,

Salt cm.? sec. 7! Ion cm.? sec, 7!
DT -3HCI 12.7 DT .3H™* 5.97
TT-3HCI 11.2 TT-3H* 4.78
TP-3HCI 11.0 TP-3H™* 4.63
TT-4HCl 10.8 TT-4H+ 3.75
TP-4HCI 10.8 TP-4H™* 3.75
TP-5HCI 9.3 TP.-5H* 2.51

approach was abandoned. Preliminary values of the diffusion
coefficients of these two compounds are in agreement with the
deductions based on the data obtained from the measurements of
the diffusion coefficients of the smaller amines. Because suffi-
cient material could not be prepared to check the measurements,
the values obtained are not reported liere. Since the polymers
could not be purified as such, they were used as received. The
preparation of the hydrochlorides of the polymers was similar to
the preparation of the salts of the simple amines. A quantity
of polymer was cooled in a Dry Ice-acetone mixture, 0.024
equivalent of concentrated hydrochloric acid was added for each
gram of polymer, the mixture was allowed to warm to room
temperature, and it was heated until the polymer had dissolved
completely. The solutions were then stirred while 959 ethanol
was slowly added until the polymer gelled; the gel was broken
up and stirring was continued. The alcohol was poured off, the
salts were dissolved in water, and the solutions were freeze-dried
in a Rinco evaporator.

Samples of potassium p-benzenedisulfonate (BDS), potassium
p.p'-biphenyldisulfonate (BPDS), and potassium p,p’-ter-
phenyldisulfonate (TPDS) were obtained from Professor Gordon
Atkinson of the Chemistry Department of the University of
Maryland. His kindness is greatly appreciated.

Except for the solutions of the partially neutralized amines
which were used as prepared, all solutions were made up on a
weight/volume basis.

The diffusion experiments were performed at 25.04 =+ 0.01°
using a Spinco Model H diffusion apparatus as a Rayleigh inter-
ferometer. The thermostat of this instrument is designed to
maintain a temperature near 0°, so a heater was installed and
operated continuously with the thermoregulator and refrigerating
unit of the instrument used to control the temperature, As a
routine procedure, the boundary was sharpened using a long
blunt-ended syringe needle. For a typical run nine or ten photo-
graphic exposures were made at intervals ranging from 15 min.
to 3 hr.; 4 in. by 5 in. Kodak type M glass photographic plates

- -

8enzene Disulfonate
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Fig. 1.—Diffusion coefficients of triethylenetetrarine dikvdro-
chloride and potassium benzenedisulfonate as a function of con-
centration.

were used. They were developed in Kodak D-19 developer and
fixed in Kodak acid fixer. The plates were measured with a
Mann type 829A comparator. Usually five (or more) patterus
were measured giving apparent diffusion constants at five times
(or more). A least squares line through the points on a diffusion
coefficient vs. 1/¢ plot was extrapolated to (1/¢) = 0 to find the
diffusion coefficient at infinite time. The slope of this line,is
DoAt, where At is the time correction. Application of this
correction changes the slope of the line to zero but does not
change the intercept greatly. The diffusion coefficients were
then plotted ws. concentration of solute. The computations
were made, except for several routine hand calculation cliecks,
on either the UNIVAC I or the IBM 7090 at the Cormtputation
Center of the University of Chicago. The method used is
straightforward except for the use of a polynomial approxima-
tion to the error function.1?

Viscosity measurements were made in a 4-bulb dilution type
Ubbelohde viscometer. The flow time for water was 1154
sec. at the operating temperature of 25.00 =% 0.01°. The poly-
mer solutions were filtered by suction through a fine sintered
glass filter just prior to use.

III. Results and Discussion

The diffusion coefficients at infinite dilution of the
various compounds studied are listed in Tables II,
I11, and V, and a few plots of D as a function of solute
concentration are displayed in Fig. 1. As can be seen,
there is essentially no concentration dependence (or
only a small concentration dependence) of D in the
range studied. It should be noted that our measure-
ments cover a concentration range well above that for
which typical dilute electrolyte ‘“Debye-Hiickel”
effects can he seen. We shall analyze our findings un-
der the three groupings of (a) uncharged molecules,
(b) bolaform ions, and (c) fully charged ions.

A. TUncharged Molecules.—The behavior of un-
charged linear macromolecules in dilute solution can be
understood in terms of the properties of a model chain.
The best example is the Kirkwood-Riseman theory!®
which represents the polymer molecule as a series
of spherical beads connected at fixed bond angles.
Because of the interaction of the flow field about one
monomer bead with the flow fields due to other beads,
the hydrodynamic resistance is very different from that
characteristic of an equivalent number of independent
beads. The result of Kirkwood and Riseman’s treat-
ment is that the frictional coefficient of a flexible chain
molecule is equal to

_ __(3n'/2/8)67mec
C = I (0n mepa 4 NT
where ¢ is the friction constant for the chain molecule
containing N resisting centers each with friction con-
stant 5. The viscosity of the solvent is denoted 5y and
the radius of gyration of the chain molecule, pg, is

(1)

(12) L. Kotin, L. Hook, and W. Davis, Appl. Opt., 2, 66 (19G3).
(13) J. Riseman and J. G. Kirkwood, J. Chem. Phys., 17, 442 (1949).
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related to the mean square end to end distance, <h?>,
by
pct = é <h*> (2)

Equation 1 has been amply verified for the case of
large N when due account is taken of the effect of
excluded volume (pg increases more rapidly than N'/?).
Equation 1 is, however, based on a matheinatical
approximation in which the molecule is represented
as a random coil. For very short chains, the configura-
tions characteristic of a random coil are not accurate
representations of the real molecular configurations.
The calculations of Kirkwood and Riseman cannot be
easily extended to the description of nongaussian
chains because of the complexity of the hydrodynamic
interaction terms. A calculation based on the same
model but with a simplification of the hydrodynamics
has been proposed by Peterlin.® The simplification
consists of replacing the exact hydrodvnamic interac-
tion, which varies from element to element, by the
interaction averaged over all elements of the chain.
Thus, it is assumed that the velocities of all the chain
elements change by the same multiplicative factor.
The error introduced by this approximation should be
small for the case of diffusion (or sedimentation)
where all elements move in the same direction; it will
be more important in the case of viscosity where the
elements of one half of the molecule move in the
opposite sense to the elements of the other half. Peter-
lin’s theory leads to a frictional coefficient of the same
form as eq. 1 for the case of large N. The only differ-
ence between the exact result and Peterlin’s formula is
a small change in the numerical coefficient of the second
term in the denominator of eq. 1. We shall therefore
test the Peterlin theory in its original form.

For a chain of /N spherical beads, each of radius a,
and center to center separation b, the diffusion con-
stant is found to be

N -1 .
_ kT a N—p\_ kT
D= ‘\rg-o <1 + N pz;l £p Rp > ‘VfofD (3>

where the geometric term g, is defined by

& = Rp <;1"> 4)
p

with R, the root mean square separation of two ele-
ments p units apart and 7, the instantaneous distance
separating the same elements p units apart. The
factor g, has the value (6/7)": for the case of a random
chain and the value 1 for p = 1 and p = 2. Peterlin
has calculated the term fp for values of NV up to 100
and presented the results in graphical form.

The hydrodynamic interference terms which con-
tribute the term in parentheses in eq. 3 depend upon
the valence bond angle, the hindrance to rotation, and
the model parameters a¢ and b, The case of maxi-
mum hydrodynamic interaction occurs when (ao/b)
= 0.5 since then the monomer beads are in contact.
Within the framework of this model, (a¢/by) cannot
exceed 0.5. A brief examination of a table of bond
lengths shows that the assignment of a, and b, is diffi-
cult in the case of the ethylenimines. Bond lengths
along the chain are about 1.50 A. (C-C, 1.54 A.:
C-N, 1.47 A)) and the other bond lengths are about
1.0 A. (C-H, 1.09 A.; N-H, 1.01 A.). If we regard
the CH; and NH groups as the monomer beads. we
should choose for a, a value close to 1.50 A. since the
covalent radius of hydrogen must be added to the
figures quoted. But such a choice of @, would imply
that b, was 3.0 A., whereas b, cannot exceed 1.54 A.
The crux of the matter is, then, that nonoverlapping
spheres with dimensions determined a priori from the
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molecular geometry cannot be found for the molecules
in question. It is best, then, to regard the Peterlin
theory as a two-parameter theory, the paraineters
being ¢ and a,/bp. We shall choose to consider only
the case (ao/by) = 0.5 because this case corresponds
to maximum hydrodynamic interaction between the
beads, suggested by the discussion above, and also
effectively reduces the theory to a one-parameter fit.
From the experimental values of ¢, it is necessary
that by be given by

by = S (5)

since ao, considered as a parameter, is determined from
¢y, considered as a parameter, by the use of Stokes’
law.

Having chosen (ao/by) = 0.5, the values of the
terms in parentheses will now depend only on the val-
ence angle and barrier to rotation. For a randomly
coiled molecule (N large)

1+cosﬁ.<1+cosﬁ>

2> = N2
<h> ll—cosﬁ <1 — cos 8>

- (6)
. ‘+ a

=M

where / is the bond length, ¢ is the valence angle, and
the term <cos ¢> is nonvanishing if there is a barrier
to rotation which makes some of the values of the angle
of rotation, ¢, energetically favorable relative to other
values of this angle. The variable « is defined by eq.
6. In terms of «, the hydrodynamic interaction term
has the values displayed in Table VI,

TABLE VI

VALUES oF THE HvypRrRoDYNAMIC INTERACTION TERM, fp, IN
Eog. 3 FoR (ap/be) = 0.50

—_ a —

N 0 0.2 0.4 0.6 0.8 1.0
4 2.25 2.20 2.16 2.12 2.08 2.04
7 3.41 3.21 3.00 2.83 2.71 2.60
10 4.25 3.95 3.62 3.40 3.16 2.91
13 5.12 4.71 4.25 3.91 3.58 3.21

To test the validity of the Peterlin theory we calcu-
late the friction constant of the monomer bead, ¢,
and find that value of a which makes {; independent
of N. The results of these calculations are displayed
in Table VII, from which it is seen that the case «
= () best fits the experimental data.

TaBrLE VII
VALUES OF THE FRICTION CONSTANT, (o, FOR VARIOUS VALUES"
OF a
N 0 0.2 0.4 0.6 0.8 1.0
4 2.20 2.16 2.12 2.08 2.04 2.00
7 2.88 2. 71 2.54 2.39 2.29 2.20
10 2.79 2.60 2.38 2.23 2.08 1.92
13 2.79 2 .57 2.32 2.13 1.95 1.75

¢ All values quoted are in units of 107 g. sec. 7%

The preceding result is superficially puzzling since
it implies that cos § = <cos ¢> = (. That this is
not the correct interpretation is inherent in the choice
(@e/by) = 0.5 and eq. 5. From the experimentally
determined value of ¢y we find gy = 1.66 A., and there-
fore by is required by the hydrodynamic treatiment to
be 3.32 A, This value of b, greatly exceeds the bond
length of 1.50 A. If we assume that the root mean
square end-to-end distance of the chain is accurately
described in eq. 6, then with the known tetrahedral

valence angle the term (1 + cos 6) (1 — cos §) = 2.
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In terms of the true bond length, /, and the enforced TabBLE VIII
large valite of by, eq. 6 should be written VaLUEs OF THE HypropY~NAMIC INTERACTION TERM, f,, FOR
<h*> = 2( b0_)2N121 +3/ (7) VISCOSITY
'\/2[ - a (as/bo= 0.50)
where o' now accounts only for the residual barrier to ~ Y 0.2 0s o os 08 Lo
rctation i1 excess of that value w}_x_lch makes (1 + 4 49 49 55 6 9 -5
<cos ¢>) (1 — <cos ¢>) = (bg\/2/)2 = 2.45. This 7 6.2 7.5 9.2 10.8 13.3 16.2
corresponds to <cos. ¢> = (.42, indicating a moder- 10 7.5 9.6 12 1 154  20.8 97.9
ately large barrier to rotation, as expected from the 13 8.3 11.2 142 196 28.3  42.0
known barrier in ethane. The value of <cos ¢> de-
duced is in substantial agreement with the value found TaBLE 1X
by Rice? in applying the Peterlin theory to baloform VALUES® OF THE FRICTION CONSTANT, {o, FRCM THE INTRINSIC
ions. The apparent result that «' = () is just a nu- VISCOSITY
merical accident since the correlation enforced by the —_ a
hydrodynamic treatment just happens to account N 0 0.2 0.4 0.8 0.8 1.0
fully for the hindrance to rotation. 4 6.79 5.81 519 4.60 419 3.80
To complete the demonstration that eq. 3 accurately 7 548 452  3.60 3.14 255 2.09
describes both short-chain behavior and the transition 10 493 38 306 240 1.78 1.33
to long-chain behavior, it must be shown that with the 13 494 3.66 2.8 2.09 1.45 0.98
1

value of ¢, determined for short chains, eq. 1, predicts
the correct value of D for long chains. A combmat1on
of eq. 1, 2, and 7 shows that { depends on the ratio
(a0, bo) but not on either independently. Taking ¢
= 280 X 10=% g. sec.”! then leads to the result
(at 208°K.)

Dy (theory) = 4.25 X 10~ elcm7sec .
D (exptl) = 3.90 X 10-5)

(8)
Dy (theory) = 1.80 X 10~ ?

Dqy (exptl.) = 1.60 X 1078}

Although not perfect, the agreement is satisfactory in
view of the heterogeneity of the polymer samples.

We now consider the suitability of the same model of
the polymer chain for the description of the intrinsic
viscosity. Having already evaluated the friction
constant {, and the parameters a, and b, we can make
an a priori calculation of the intrinsic viscosity. We
prefer, however, to proceed as before and to attempt
to find a value of a for which ¢, is independent of N.
Peterlin has shown? that the intrinsic viscosity, [n], is

given by
s S(j) ‘
bl =gnan\ 1 + 02 (‘;—Z)ng(’jf)

»cm.? sec. 7!

N
> R (9)
J=1
n =1 N —»p
SGip) = b 2 F T <OrTep— r>
p=1 p;—l

where 1/, is the mass of the monomer bead. Equation
9 is less accurate than the equivalent relation describ-
ing diffusion because an average of a product has been
replaced by the product of two averages. This mathe-
matical approximation is not ordinarily good except
for very unusual distributions. In addition, the as-
sumption that the perturbation to the velocity of a
bead is the same constant factor for all beads is less
accurate for the description of the viscosity increment
than for the description of the diffusion. In Table
VIII we have displayed (except for a constant factor)
the values of the hydrodynamic interaction term on
the right-lhand side of the first line of eq. 9. In terms
of the table entries, denoted f,, we have
hn2o
(7] = 361\4 fn

Using the value of by determined by the diffusion meas-
urements, we are led to the values of ¢, entered in
Table IX.

It is readily seen that, as in the diffusion studies, the
case a = U best fits the data. However, the value of

(10)

¢ All values quoted are in units of 107 g. sec. ™

{o deduced from experiment using the theoretical
formulas differs from that deduced from the diffusion
measurements by approximately a factor of two.
We have been unable to find any explanation for this
discrepancy except that the Peterlin theory of viscosity
is, because of the approximations made, inconsistent

with the more nearly correct theory of diffusion. Since
T T T T T
08s |- i
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Fig. 2 —Dependence of limiting viscosity number on chain length
for small N.

the theory does fit the experimental data with ¢
regarded as a parameter, we may ask if the theory
makes proper predictions of the viscosities of long-chain
molecules. To answer the preceding question we first
examine the dependence of [y] on N for small V.
From the data in Table X we have constructed Fig. 2.
It is seen that for the case of N small, the intrinsic
viscosity is well represented by

(7] = 2.14 X 1072N0. (11)
TABLE X
INTRINSIC VISCOSITIES OF VARIQUS AMINES
N 17] (100 cc./g.)
4 0.036
7 .043
10 047
13 052
PEI (1) Newt = 47) 099
PEI-(2)(Nest = 83) 1131
PEI-(3)( Ny = 178) 192

For the case of large IV, it is well known that the expo-
nent of /V cannot be less than 0.5. This conclusion
depends, however, on the molecular configurations
being representable as those of a Gaussian coil. That
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the result quoted in eq. 11 is not spurious can be
demonstrated by examination of other cases. For
example, the viscosities of Br{Me;N(CH;);NMe;|Br
and Br[Me;N(CHs)yNMe;|Br, measured by Goldberg
and Fuoss,!* correspond to a dependence of N-% in
water and only slightly higher in other solvents.

To proceed further we need values of N for the
polymers available. It is expected that [g] « N®5
and this is found to be the case. Taking the transition
from [n] « N3 to [n] « N3 to occur at the value of
N characteristic of tetraethylenepentamine leads to
N; = 47, Ny = 83, and N; = 178, consistent with
both the freezing point and diffusion measurements.
If we accept the figures quoted and use the value of
{o determined from the viscosities of the lower members
of the series, the theory leads to

N = 50 [n]eta = 105 X 1077
[n]otsd = 10.3 X 1072

N =901 [n]eater = 13.1 X 1072 (12)
(]

N]ebsd = 13.8 X 1072

where the observed values are taken from the line
fitting the points on a plot of log [5] vs. log N. It s
difficult to make very accurate theoretical calculations
of [n] because the figures supplied in Peterlin’s paper
are difficult to read, and the calculations do not exceed
N = 90. The agreement cited above may, therefore,
be considered as a check for internal consistency.

The magnitude of the friction constant, ¢, is also of
interest. Almiost all studies of polymers dissolved in
organic solvents lead to calculated monomer bead
radii considerably smaller than expected. Indeed,
it is not uncommon for the effective Stokes' law radii
to be a factor of five smaller than the known molecular
radii. Similar but less inarked effects have been
noted in the case of the limiting conductances of mono-
valent ions in water. It is then of some interest that
the value of ay, deduced from the value of {4, which
fits the diffusion experiments, is 1.66 A. This value
is nearly the expected radius; it is close to the sum
of the bond length (~1.05 A.) and the covalent radius
of hydrogen (~0.37 A.). This observation can be
rationalized as follows. The use of a hydrodynamic
treatment implies that there is no slip between the
(continuous) fluid solvent and the molecule. In the
absence of specific forces, the molecular coarseness of a
real fluid prevents this from being true on the scale
of a molecular diameter. However, if specific forces
exist, such as provided by hydrogen bonding, the
classical hydrodvnamic boundary condition of zero
velocity at the boundary between the fluid medium
and the solute molecule is likely to be satisfied. It this
boundary condition is satisfied, classical hydrodynamics
may be expected to hold even on the molecular scale.
Note that we are not implying that there is any bound
solvent—only that hydrogen bonding tends to lead to zero
differential velocity between the solute wmolecule and the
Jirst layer of solvent.

We conclude, from the arguments presented, that
the Peterlin theory of diffusion of short stiff chain
molecules is an adequate characterization of real sys-
tems. However, mathematical approximations made
lead to an inconsistency between the theory of diffusion
and viscosity based on the same modcl.

B. Bolaform Ions.—We have examined two classes
of bolaform electrolytes. The p,p'-polyphenyt di-
sulfonates should be rigid and therefore describable
by a hvdrodynamic model very different from that
suitable to the description of the (possibly) flexible ions

£14) P. Goldberg and R. M. Fuoss, Proc. Natl. Acad. Sci. U.S., 38, 738
(1952).

) (1)7); See, for example, C. Tanford, '"Physical Chemistry of Macromole-
cules, John Wiley and Sons, Inc.,, New York, N. Y., 1961, »
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formed from the dihydrochlorides of ethylenediamine,
..., tetraethylenepentamine.

To examine the relationship between the frictional
coefficients of the bolaform ions and its parent amine,
the effect of K= or C1~ on the diffusion constant must
be removed from the raw data. We have already
noted that the concentration dependence of the diffusion
constant is very small. We therefore take as an approxi-
mation to D the relation!®

D =" o (13)

M A

32 viiz)

where F is the Faraday, », and », are the numbers of
ions the electrolvte vields on dissociation, z;, the
valence of ion 1, and A\, A" are the limiting conduc-
tances of the individual ions. Equation 13 which
assumes independence of the ions arises from the
breakdown

138 v
Lt T
Go= Lz TR (15)
Since Mci- = 76.35 and Mk- = 73.50 at 25° we
readily establish that {'ci- = 2.025 X 10-Y g, sec.™!
and {'x- = 2.109 X 10-*% g. sec.”!. Using these
values and eq. 14 the friction coefficients or diffusion
constants of the bolaform ions may be computed.
The values obtained are listed in Table I1Ib. It is
seen that the diffusion coefficient of a bolion decreases
less rapidly with increasing NV than does the value of
D for the corresponding neutral molecule. We now
consider whether the obgserved behavior is best de-
scribed in terimns of a flexible chain model or in terms of
a rigid rod, since the presence of the repelling charges
on the ends of the molecule may increase the end-to-
end distance and stiffness so greatly that all chain
flexibility is lost.

For a rodlike molecule, composed of successive
spherical beads, the friction constant is given by!'®

BrnobolV

In N — [1 — (6mnebe/280)]
It is this model molecule, and not the more familiar
rigid ellipsoid, which we must consider as the limiting
case in order to be consistent with our previous argu-
ments. The friction constants of the constituent beads
of a bolion will not all be the same because of the strong
charge-solvent interaction. The use of a single fric-
tion constant is, therefore, an approximation. Never-
theless, it is readily seen that a plot of ND wvs. In N is
linear as required by eq. 16. Previously, we found
that ¢, was (fortuitously) close to 3wnby and we may
therefore anticipate that the second term in the de-
nominator of eq. 16 plays little role in determining ¢{.
The experimental determination of ¢ then requires
the identification of 2{, with Gmnob,; thus the slope of
the plot mentioned will give {. By this method we
find (¢ = 0.89 X 1079 g. sec.7*. The accuracy of this
determination i1s poor, and {; is subject to an uncer-
tainty of a factor of two. Despite this uncertainty,
it is worthwhile commenting that the average value
of ¢, for the uncharged molecule is greater than that
for the bolion. We shall comment further on this
point in the last section of this paper.

To finish our comments on the diffusion coefficients
of the bolions, it is pertinent to examine the behavior
of the benzene disulfonates. We use, in this case, a
rigid ellipsoid model for which!

_ Brnb*? — a*)s Ernb*
= M 100%/a) + ((b%7a% )2 — 1772] prooar In (26%/a%)

(17

$o (14)

¢ = (16)

(18) J. G. Kirkwood and J. Riseman, J. Chem. Phys., 18, 312 (1050).
(17) F. Perrin, J. Phys. Rad., T, 1 (1930).
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with b* and ¢* the lengths of the semimajor and semi-
minor axes of the ellipsoid. A fit of the data is easily
obtained, and it 1s found that the axial ratios and
lengths of TPDS—?% BPDS ™, and BDS—?are 7.00, 5.25,
3.00, and 21.6 A, 1624, 934, respectively. These
dimensions agree moderately well with those obtained
from molecular models: 8.02, 6.22, 4.43, and 19.40 A,
15.06 A., 10.72 A.

18 T T T T

4 L L ] L
4 9 [} 25

72

Fig. 3.—Dependence of friction constant on chain length for fixed
number (2) of cliarges and on the nuutber of charges.

We conclude, from the arguments presented, that the
Kirkwood theory of diffusion of rod-shaped molecules
is an adequate characterization of the behavior of the
doubly charged amine ions. It appears that the fric-
tion constant per bead decreases even though the fric-
tion constant per ion increases (relative to the same
quantities for the parent uncharged molecule) owing to
increased hydrodvnamic interaction between the mono-
mer beads. The change in friction constant per bead
will be related to changes in the solvent structure in
the last section of this paper. Since the Kirkwood
theory of diffusion of rod molecules is based on the
same molecular model as the Peterlin (and Kirkwood)
theory of diffusion of chain molecules, the fit obtained
is a significant test of the internal consistency of the
analysis. We may therefore regard with confidence
the deduction that for the molecules ED, DT, TT, and
TP, two charges at the ends of the molecule repel each
other sufficiently to make dominant the completely
stretched molecular configuration.

The limiting viscosity numbers of ED:-2HCI,
DT 2HCI, TT:-2HCI, and TP -2HCI are entered in
Table [V. The Kirkwood theory?!® leads to the follow-
ing expression for [y]

{ _ N o [ .
"= 3600 4 3,

8 = 2/(N — 1), N = {/6mneby, where [ is the length of
the molecule and F(A\é) is a function varying between
the limits 1.781 and 1 as N varies from zero to very
large values. Also entered in Table IV are the values
of F(A) deduced from experiment. It is seen that
asymptotic behavior is reached when N = 13, and that
end effects dominate the behavior at small N, an ob-
servation in agreement with the interpretation of the
diffusion measurements.

C. Highly Charged Ions.—We now turn to an
examination of the behavior of highly charged ions.
In view of the analysis of the preceding section, it is of
particular interest to examine the change in friction
constant with a change in the number of charges on the
ion. The relevant data are summarized in Tables Va
and Vb. As can be seen from Fig. 3, the friction
constant is a smoothly increasing function of the
number of charges on the ion. As might be expected,
the friction constant increases in an extra linear man-

F(28) (18)
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Fig. 4 —Dependence of friction constant on nuniber of charges
on the chain.

ner, indicating interaction between the density and
flow patterns created by the superposed potential fields
of the charges. This behavior is to be contrasted with
that of the bolions, where { increases less than linearly
between N = 10 and N = 13. Moreover, although
the average value of ¢, decreased on going from the
uncharged molecule to the bolion, it increases with
each charge added after that. It isalso clear from the
data cited in Table IV and presented in Fig. 3 that the
transition to polyion behavior has not yet been achieved
for TP-5H* because of interactions caused by the flow
fields about the charges, which interaction is larger
than for the flow fields about uncharged beads. For,
when the polymeric limit is reached, we expect that ¢
will increase as (N In V) or more slowly if the polyion
is not fully stretched. Except for the point contributed
by ED-2HT, it is seen in Fig. 4 that the friction con-
stant increases quadratically with the number of
charges in the region of N examined. Our present
studies are therefore in agreement with earlier equilib-
rin studies!! of this system in establishing that the
transition to polvion behavior requires more than five
charges on a short-chain ion.

IV. Conclusions

One of the most interesting deductions which can be
made from the data presented herein is that the average
friction constant per bead drops on going from the
neutral molecule to the bolion. We have already noted
that if the solute molecule has hyvdrogen bonds to the
solvent, the classical hydrodynamic boundary condition
of zero slip 1s satisfied. Consider now the introduction
of two charges on such a hydrogen-bonded molecule.
Because of the orientation of solvent dipoles in the field
of the charges, the hydrogen bond structure of the water
is disrupted around an ion. Thus, the region of water
between two charges, but far enough away {rom the
charges that orientation effects are small, is robbed of
its directional and structural bonds to the surrounding
water molecules. TUnder these conditions, the effect of
hydrogen bonding between the central portion of the
solute bolion (say TP-2H ™) and the water is decreased,
and the effective friction is thereby also decreased.
If this decrease is large, the average friction constant
can be less than that for the uncharged molecule. We
believe this to be a possible explanation of the iuferred
behavior of {.

In conclusion, we have shown that the Peterlin
theory of short chains provides an adequate description
of the dependence of the friction constant on chain
length. Peterlin’s theory of viscosity is quantitatively
inconsistent with experiment, but the gualitative de-
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pendence of intrinsic viscosity on chain length is cor-
rectly described. Finally, the results described in this
paper further confirm the observation that the transi-
tion from small ion to polyion behavior requires a
rather large number of charges and a long chain.
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Activation Energies from Bond Energies. 1.

Hydrogen Transfer Reactions

By HAROLD S. JOHNSTON AND CHRISTOPHER PARR
RECEIVED APRIL 10, 1963

A new procedure is proposed that uses bond energies and otlier properties of reactant molecules and no ad-
justable parameters from kinetic data to calculate activation energies and rate constants of elementary bi-

molecular hydrogen-transfer reactions.

Tlte new ntethod is compared witlt theoretical treatments of this
problem and with the semi-empirical approach of London, Eyring, Polanvi, and Sato.

For all reactants of

fairly well known bond energies, the method calculates activation energies within about 2 kecal. and rate con-

stants within about an order of nitagnitude.

validity on the assumptions used.

Introduction

The “activation energy’’ of a chemical reaction is the
measure of how the specific rate k& of the reaction
changes with temperature

E= —-RJlnk/d(1/T) (1)

wlhere R is the gas constant. Over a finite range of
temperature the activation energy is usually regarded
as if constant, and the specific rate expressed in the
Arrhenius form

k= AeEiET (2)

For many years chemists have been interested in cal-
culating activation energies. These efforts can be
classified as one of the following: I, theoretical; II,
semi-empirical; III, 1009, empirical, but the empiri-
cism 1007 outside the field of chemical kinetics.

The only chemical reaction for which serious attempts
have been made to carry out a theoretical evaluation of
activation energy is the hvdrogen molecule-hydrogen
atom exchange reaction, observable as para—ortho con-
version of H,. ortho-para conversion of D., or isotopic
exchange between hydrogen and deuterium. These
reactions are represented as

H+H--H—»H-H --H—>H-H+H (3

These calculations start with London.! in 1928, were
pursued over the years by Eyring and co-workers,*
and brought to the highest stage of development yet
reported bv Bovs and Shavitt in Hirshfelder's group.?*
References to other workers in this area are given in
the articles cited.*=* The calculations bv Bovs and
Shavitt were much more refined and complete than
previous ones, and onlv these calculations will be re-
viewed here. The potential energy surface for three
hvdrogen atonis was constructed by* “a linear varia-
tional calculation of the superposition of configuration
type. . .6 ls-orhitals. . .66 configurations...”  This
major computation gave remarkably good agreement
so far as absolute energv is concerned: the calculated
binding energy of H. was 80.2 kcal.,mole and the ex-
perimental valuc is about 102. The calculated binding
energv for H, (using the same level of approximation)
was 95.6 kcal.. mole, and the cxperimental value is
109.32.  The calculated potential energy of activation

(1} F. lLondon, “Probleme der modernen Physik, Sommerfeld Fest-
schrift,”” S. Hirzel, leipzig, 1928, p. 104; Z. Elektrochem., 85, 552 {1920).

(2} R . Barker. R. L. Snow, and H. Eyring, J. Chem. Phys.. 28.
1686 (1935)

o3 S\NF. Boys and [. Shavitt, University of Wisconsin Naval Research
Laboratory Technical Report W1S-AF-13 {1959).

40 L Shavitt, J. Chem. Phys., 81, 1359 (1939),

The concepts used in this treatntent are from ultra-simple valence-
bond theory and ultra-simple activated-complex theory.

The success of tlie ntethod is regarded not to reflect

was 135.4 kecal./mole, and the observed value is about
6 to 8 For the hydrogen molecule the H-H bond
distance was calculated accurate to 1.49, and the force
constant to 5.29;. The most stable form of the complex
was found to be linear, in agreement with all earlier
theoretical work on this case. The potential energy
surface when plotted against the two bond lengths of
the H; complex gave a smooth, single, symmetrical
saddle point. From the location of the saddle point
and from curvatures evaluated at the saddle point,
Shavitt! used activated complex theory to calculate the
specific rate or rate constant kb for reaction 3. This
1009, theoretical calculation of the rate constant is
shown as the dashed line in Fig. 1, along with the experi-
mental data’=% on the para—ortho H; conversion. The
theoretical line lies below the experimental points by
about a factor of 10?2 at 1000°K. and 10* at 300°K.
A chemical kineticist is not satisfied with the accuracy
of this theoretical calculation, yet one certainly agrees
with Shavitt* that '‘it is not expected that this situation
will be much improved except by a calculation that is
some orders of magnitude greater than that of Boys and
Shavitt.”” The qualitative aspects of these theoretical
studies (linear, symmetrical complex, and the general
nature of the potential energy surface) are of great
value to the kineticist, who is forced to seek a chemist’s
solution to a chemical problem in going beyond the H;
reaction.

The “semi-empirical” approach to evaluating poten-
tial energy surfaces was developed by Polanyi and
Evring™? from the theoretical work of London.! The
simplest quantum mechanical theory of the hydrogen
molecule is that of Heitler and London,'?and the theoret-
ical expressions for stable singlet and unstable triplet
hydrogen molecule are

Ws =(A4A 4+ a)/{1 + 4), Wr =(4 — a)/(1 — 2) (4)
where .1, a, and A are definite integrals defined in the
Heitler-London theory (sometimes named, respec-
tively. the Coulomb, exchange, and overlap integrals).
The Heitler-London theorv gives the dissociation

(3) A. Farkas, Z. physik. Chem., B10, 419 (1930); Table 2 (factor of 4
error in this table was corrected).

(G) M. van Meerssche, Bull soc. chim. Belges, 80, 99 (1951);, Table 111

(7) K. H. Geib and P. Harteck, Z. physik. Chem. Bodenstein-Festband, 849
(1931), experiments 9-13

(8) H. Eyring, Naturwissenschaften, 18, 914 (1930); H. Eyring and M.
Polanyi, Z. physik. Chem., 12B, 279 (1931); H. Eyring, J. Am. Chem. Soc.,
53, 2337 (1931).

(9) S. Glasstone, K. J. Laidler, and H. Eyring, "Theory of Rate Proc-

esses,' McGraw—Hill Book Co., Inc., New York, N. Y., 1941.
(10) Any textbook on quantum chemistry.



