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The relative stability of two different states or configurations of a macromolecular system may be altered or reversed by
tle action of an electric field. The field will shift the equilibrium between the two states in such a way as to favor the state
with greater polarizability, Specific examples considered here are (1) possible separation of the two molecular chains in
DNA as a result of the application of an electric field (the two states in this case: paired chains and separated chains) and

(2) the effect of an electric field on the elasticity of a protein chain (two states: long chain and short chain).

These ex-

amples may possibly be of interest in mitosis and muscle action, respectively. Perhaps a more likely application would be to
changes in state and properties of biological membranes resulting from changes in membrane potential,

I. Introduction

Electric fields are known or presumed to be pres-
ent in many biological situations. We have been
considering, theoretically, some of the possible
biological effects of an electric field acting on
nucleic acids and proteins. A report on this work
may be appropriate at this time, particularly for
purposes of comparison with the recent contribu-
tion along these lines of Klotz and Horowitz.?

We shall use the most elementary possible
models here, simply to point out the effects, and
confine ourselves to two examples: possible sep-
aration of the two molecular chains in DNA (de-
oxyribonucleic acid) as a result of the application of
an electric field (Section II) and the effect of an
electric field on the elasticity of a protein chain
(Section III). The first example would be of bio-
logical significance if the application of an electric
field is the trigger for the division of the genetic
material in a cell nucleus prior to self-duplication.
The second example may be of interest in muscle
action. Perhaps a more likely application of the
principles outlined here would be to changes in
state and properties of biological membranes re-
sulting from changes in membrane potential.
However, we do not pursue this possibility in the
present paper.

The general thesis developed here is that an elec-
tric field will alter the average distribution of
bound ions (e.g., protons) among possible sites on
a polyelectrolyte molecule and this, in turn, may
affect the relative stability of two different cou-
figurations of the molecule.

Incidentally, it is necessary to use an unconven-
tional criterion of thermodynamic stability in this
paper because the processes of interest presumably
take place in the presence of a reservoir of protons
or other bound ions at a fixed chemical potential.
This situation is undoubtedly a very common one
in biological systems.

Although we shall not use their forinalism, the
work of Kirkwood and Shumaker® provides the
general foundation for the present discussion.

II. Stability of Paired Molecular Chains of DNA
Relative to Separated Chains

We assume, as seems reasonable, that the two

nucleotide chains in DNA ¢# »ivo are rather deli-

(1) This investigation was supported by a research graut from the
1leurt Institute, Public Heulth Service.

(2) I. M, Klotz and M. G. Horowitz, Sctence, 126, 26 (1957).

(3) J. G. Kirkwood and J. B. Shumaker, Proc. Nal. Acaed. Sci., 38,
855, 863 (1952). For a more general treatment of protein-protein
forces. see also T. L. Hill, J. Chem. Phys., 23, 623 (1855).

cately balanced, thermodynamically, between pair-
ing and unpairing. Contributions to this ‘‘free
energy’’* balance arise from hydrogen bonds be-
tween bases, van der Waals interactions, electro-
static repulsion between fixed charges,’ configura-
tional entropy effects, ion binding, etc. In the ab-
sence of an electric field, paired chains are assumed
slightly more stable than unpaired chains., We in-
vestigate below the possibility of an electric field
reversing the relative stability by a shift in loca-
tion of bound ions. The essential requirement is
that the unpaired chains be more polarizable by
the field (and hence undergo a greater decrease in
“free energy” when the field is applied) than the
paired chains. This is the case in the model de-
scribed below because (a) the polarizability is at-
tributed to the movement of bound ions and (b)
inter-chain attractive interactions involving bound
ions reduce the tendency of these ions to move
with the field in the case of paired chains.

The model for paired chains is shown schemati-
cally in Fig. 1. It is essentially the same as that
used in an earlier paper,® except for the possibility
here of the existence of an electric field along the
axis of the chains. The system of interest con-
sists of M independent pairs of binding sites. All
inter-chain forces (hydrogen bonds, etc.) other
than electrostatic interactions involving these sites
and the jions bound on them are lumped together in
a free energy W per pair of sites, which is zero
when the chains are separated. Let j; be the parti-
tion function (including the binding energy) of an
ion bound at site 1 of a pair, and similarly let j,
refer to an ion bound at site 2. Let Waa, Way,
Wga, and Wgg be the free energies of interaction
between the sites when both sites are occupied
(AA), when site 1 is occupied and site 2 unoccupied
(AB), etc., respectively. That is, the I¥’s are the
potentials of average force for the pair of sites oc-
cupied in each of the four ways possible; the po-
tential zero is chosen at infinite separation in each
case.

The external electric field E is assumed to be con-
stant along the axis of the chains and directed
toward the » = 1 end (Fig. 1). Contributions of
bound ions to the field are ignored. If the length
of the chains is /, the potential difference between
the two ends is

¥ o= El = y(M) - y¢(1)

Actnally it is not a free

(4) We are using the term loosely lere.

energy that is involved. See Appendix I.
(5) T. L. Hill, Arch. Biochem. Biophys., 87, 229 (1955).
(8) T. L. Hill, Tais JourxaL, T8, 3330 (1956).
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Presumably the case of most interest is ¥(4/2)
(the potential at the middle of the chains) = 0
whether the field is on or off. The more general
situation is discussed briefly in Appendix IIIL.
The canonical ensemble partition functions for pair
n, with zero, one and two ions bound, respectively,
are then
Qo(n) = e~W/kT ¢~Wss/kT
Qu(n) = e~ W/kT(jie~Was/kT + joe~Woa/kT)eBn=3 M) (1)
Qu(n) = e~W/ET jijse=Wan/RT g38(n=} M)

where
B = — WQE/MkT = — qp/MkT

and ¢ is the charge on the ion being bound. For
separated chains (superscript zero throughout)

Q(n) =1
Qn) = (j1 + jrleBn—4 M) (2)
Q(n) = jijze 24 M)
For simplicity we have omitted in each of egs. 1
and 2 a factor
e8'(n— % M)
B = —lq1+ @)E/MET

where ¢; and ¢ are the charges on unoccupied sites
1 and 2, respectively. Because of symmetry, the
contribution of this factor drops out in eq. 6 (see
Appendix 1I1).

In view of the independence of pairs in this
model, the two grand partition functions are
simply

M
2 = ][ 10:n) + Qi + Qatmne

n=1

(3)
M
= = J[ 100 () + 00 (mx + @ (1]

%=1
where A = ew/*T,
The thermodynamic significance of = here is
seen from (Appendix I)

d(Ny — A) = Ndu 4+ SdT + ¢dM + PdE
= d(eM) = A(kT In =) €))

According to Appendix I, paired chains are more
stable than unpaired chains, at the same T, u, M
and E, if

w={(Nuy—4) —(Nu — 4 = kT In (E/2%) >0 (5)

As shown in Appendix I, this quantity is the
reversible work which must be done on the system,
at constant 7, 4, M and E, in order to separate the
chains.

Since M is a large number, we can replace the
sum by an integral in the expression for In X

MW e
mz= -4 [ e+ G+ e +
—M/2
visxs e28m N dm  (6)
where

%1 = e Wss/kT, xy = ¢~Was/kT, g, = e~ Waa/kT,

X, = g"WAA/kT
The integral in eq. 6 cannot be expressed in closed
form, so for order of magnitude purposes below we
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Fig. 1.—Two paired chains of DNA (schematic) with one
pair of binding sites for each pair of nucleotides. y(n) =
electric potential at xth pair.

write it as a power series in £ and drop terms above

E?  Thatis, for
l%[—] =] - %Z—?l <<1 (7)

we retain only up to quadratic terms in the ex-

pansion of the exponentialsin eq. 6. We find
2
mz - -2+ Z(E)Y m @©
and
P _dlnE _M[(Ilg\
FT T 2B " i3 <kT> [\ E ®)
where
£ =z + (ixe + Joxe)N + Jrfaxah?
] = (e + Joxa)N(1 + Jijawi?) 4 4j1famiza?
EZ
Also
PP _ Mg\t _
e = (&) -waE o
wE) _ E__MW £
T S s oy TMhgS
M (1gEN®
2—4(,;T) (N =y (D
w0) —wE) _ _ M liE>2 -
B = S HEY - a2
where

o _ (G J2aMI + fifah?) 4 471702
e = pe
B =14 (i + jaN + jijer?

We might digress to point out that eq. 9 (see
also eq. 22) resembles the familiar expression for
the polarization of a perfect gas of permanent di-
poles, since /g has the dimensions of a dipole mo-
ment (see below).

If paired chains are assumed stable when E = 0,
the various contributions to w(0) must balance to
make this quantity slightly positive. Further, if
imposition of a field & reverses the stability, w(E)
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must be slightly negative; the difference w(0)
—w (E) is then positive and is given eq. 12. Ac-
cording to eq. 10, when w(0) — w(E) is positive,
separated chains have a greater polarizability

(P/E) than paired chains, as expected.
One specific possibility® is summarized below

1 2 1 2 1 2 1 2

B B A B B A A A

o - + - 0 0 + 0

This might arise,” for example, if site 1 (charge
zero) is on one ring of a pair of hydrogen bonded
bases and site 2 (charge —1) on the other ring.
Then x; = x3 = xe = 1 and x; > 1. As an illus-
tration, suppose jij2A?2 = 1 (¢.¢., the pH midway be-
tween pK, and pK,). Then {} in eq. 12 simplifies
to
2 2
=5 Gm+an 250G Fm

If pK; and pK, differ by unity, for example, then
the maximum possible value of — {} in eq. 13 (put
x2 >> 1) is 0.365. If we takefsay, ¢y = [E = 100
mv., we find w(0) — w(E) = 0.13 kcal. per mole of
base pairs. This is then the order of magnitude,
which seems adequate, of the ‘“‘range of stability
balance” (from w(0) > 0 to w(E) < 0), according
to this model.

We digress to amplify this point. Consider first, for com-
parison, the effect of an external electric field D on an or-
dinary phase equilibrium (vaporization, fusion, sublima-
tion) in a one component system. We have®

<0 (13)

o= pe, du = dpe
where, for either phase, we can write

du = — PuD (‘%) —Ts (d—TT> + py<df> (a)

with P = polarization, ¢ = volume per molecule and s =
entropy per molecule. T is of the order of magnitude of
ET; puvis also of order kT for a gas and, say, 1072 kT for a
liquid or solid. For gas or condensed phase, Py = DO(v.),
where u, represents a volume per molecule in a condensed
phase. Hence, in eq. a, PvD = D20(v). If we take a
field of, say, D = 10,000 volts/cm., PzD is then of order
10-¢ kT. Hence ordinary electric fields have a rather in-
significant effect on p and therefore on the phase equilibrium.

Paired and unpaired chains can also be considered
“‘phases’’ in the above sense. At equilibrium

o1 = ¢, dor = dea
' _ PE(dE S(dr &*(éﬁ
where d‘P_M<E>+M<T>+M #> (b)

Since N is of order M, (TS/M) and (Nu/M) are of order
ET. Nowineq.b, wehave(eq.9)

PE _ p, lfﬁﬁ)

ir = B0 < kT (©)

whereas in eq. a (taking a perfect gas of permanent dipoles
for comparison)

- pe — Do (M2
PuD = D0(s,) = D0 (kT> (d)
where py is the permanent dipole moment. In eq. d the

polarization arises through the displacement (dipo}e orienta-
tion) of a charge ¢ through a distance of order 1 A.; but in
eq. ¢ the charge q can be displaced a distance of order l.
Since / can be of order 1000 A. or more, /2g2/u?% can be of
order 108. Thus, for a field of 10,000 volts/cm. (say, 100

(7) S. Beranhard, private communication.

(8) This is conservative since ! is probably much greater than the
thickness of biological membranes, some with membrane potential of
the order of 100 mv.

(9) T. L. Hill, J. Chem. Phys., 28, 61 (1958).
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mv./1000 A.) our estimate of 10~ T above for the field
term in eq. a becomes 27 for eq. b. Hence we expect the
field to have an appreciable effect on the “‘phase’’ equilib-
rium in the latter case. This is illustrated in the numerical
example above.

Another possibility$ is

1 2 1 2 1 2 1 2
B B A B B A A A
- - 4+ - -+ 4+ o+

This could be due to the binding of Mg++ (or Ca++)
on the pair of singly charged phosphate groups as-
sociated with each pair of nucleotides. Then x,!

=X = x5 = x4}, 2 > 1, and j, = j». For ex-
ample, if i) = 1 (pK; = pK, = pMg)
== log (1

(e V + %22 2

1
— —§asxz—-—>+ ©

The effect is thus of the same magnitude as above
(an extra factor of four enters, through ¢, because of
the double charge on Mg++),

A complication we have not taken into account
above (see Section III), which would increase
w(0) — w(E), is the likelihood that the electric
field would straighten out the separated (but not
the paired) chains, thus increasing the polariz-
ability of separated chains.

The possibility of the participation of an electric
field in mitosis has been discussed off and on for a
long time. The above analysis shows, on a molec-
ular level, one way in which such a field could con-
ceivably play a crucial role in chromosome di-
vision.

III. Elasticity of a Protein Chain

To show the possible effect of an electric field in
this problem we choose a simplified model for the
a-f transition.’® We consider an elastic fiber (say,
in muscle) to be made up of independent parallel
molecular chains. Each chain consists of B units
linked together. A unit might contain, say, four
amino acid residues and can exist in a short (helical)
state (a) of length /, or a long (extended) state (8)
of length /.

Consider a single chain. Let By units be in
state « and B — Bqin state 3, so that the length of
the chain is

The length is thus essentially determined by the
value of B,, for given B. Let j, and 175 be the
partition functions of individual units in states «
and @, respectively. Let j be the partition func-
tion (as in Section II) of an ion bound on either
an « or a 8 unit (we assume one site per unit, with
7 independent of whether the state is « or §). Let
N be the number of ions bound on the B sites.
The sites are assumed (again for simplicity) un-
charged but each bound ion carries a charge g. As
in ?ection 11, we choose ¢(B/2) = 0 (see Appendix
I11).

We now proceed to derive the thermodynamic
properties of the model. We may anticipate that
imposition of an electric field, keeping the tension

(10) T. L. Hill, J. Chem. Phys., 206, 1259 (1952); Faraday Soc. Disc.,
13, 132 (1953).
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constant, will cause the chain to lengthen by con-
version of some « units to 8 units. This is a con-
sequence of the fact that bound charges can move
(when the field is applied) over a greater distance
on a chain of 3 units than on a chain of « units;
that is, a long chain is more polarizable (see eq. 22
below) than a short chain (if the bound ions are
bound with equal strength to both the long and
short chains, as we are assuming here). This
mechanism could conceivably be the basis of mus-
cle contraction; it should be noted that there is no
need for a pH gradient as used by Klotz and Horo-
witz,?

As in Section II, we are interested in the be-
havior of the system in the presence of a reservoir
of bound ions at a fixed chemical potential u. If
Q(B,, B, N, T, E) is the canonical ensemble parti-
tion function, then we see from eq. II. 3 that the
appropriate partition function for our purposes is

B
> eNu/kT (}(Ba, B, N, T, E)
N =0

V(Ba, B, T, p, E) =

(16)

d(kTIn V) = SAT + 7(Jg — la)dBa + PEE —

(¢ + 7lg)dB + Ndp (17)
In view of our assumptions, the distribution of «
and § units along the chain is independent of V and
E for given B, and B so that we can write
B!jaBajﬂB-Ba
Bol(B — Ba)!
where Q* refers to the bound ions only. Then eq.
16 becomes (compare eq. 3)

0(Ba, B, N, T, E) = Q*(N, T, E)

B
. _ BljaBejgB—Ba NP
b= Ba(B = Ball n1_=[1 [1 + jeblr = 4BA]  (18)
where
8 = — IqE/BkT
Then

InY=BInB — BalnBa — (B — Ba)In (B — Ba) +

. . + B/2 .
Balnja + (B — Ba) In js +f-3/2 In (1 4 jreBm)dm
(19)
Again the integral cannot be expressed in closed
form so we confine ourselves to the first terms in an
expansion in powers of £.  We find for the integral

a2 2
sS=sna+n+ g gls () e

From eqgs. 17, 19 and 20 we easily derive the
thermodynamic properties

e —ta) _1p 8 EGB“ + 1n§§ -
; — 2
b ) @
i = 1%(1_4]3]9‘ (%)E (22)
5= iRt et () o

Equations 21 and 23 show that application of an
electric field (a) reduces the tension at constant
length, (b) increases the length at constant tension
and (c¢) causes the number of bound ions to ap-
proach B/2 (for which value of IV the polarization
1s a maximun), from either side.
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Figure 2 illustrates eq. 21. In this example we
see that the electric field causes an appreciable
change in length at constant tension. It should be
emphasized that in the region of a codperative
phase transition, as indeed would be expected to
occur in the a—B system,!® the sensitivity of the
length to an electric field would be very greatly en-
hanced. However, to avoid undue complications,
we have not attempted to introduce codperative
effects (associated with hydrogen bonding!%) in the
above analysis.

+2r .
c
Q
n
c
L
[t
+1 P -
02 04
Length —
-1k 4
-oL J
Fig. 2.—Plot of tension vs. length in the form
Wls — la) | ja , _Ba
3T lnja 75, 1 B

for the special case I8 = 2la, jA = 1, B(i8 — la)E = 100
mv., ¢ = charge on proton,

In earlier work?!® we have shown, on theoretical
grounds, that an alteration in the concentration of
bound ions (or of the ionic strength) could be the
trigger for muscle contraction. The present dis-
cussion is adequate to demonstrate, alternatively,
that application of an electric field (keeping the
concentration of bound ions constant) might also
serve as the trigger, especially if associated with a
phase transition.

IV, Macromolecules in Solution
We wish to point out in this section that the gen-
eral considerations in Sections I-III might be ap-
plied, in principle, both theoretically and experi-
mentally, to any macromolecule which can exist
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in solution in two or more forms. That is, intro-
duction of an electric field will tend to shift the
equilibrium to favor the more polarizable form.
An obvious example is the a-helix-random coil
transition in proteins and synthetic polypeptides,
studied by P. Doty and co-workers. Others are
possible structural changes or dissociations in
nucleic acids, polynucleotides, serum albumin at
low pH, etc. However, in practice, the fields re-
quired (see above) probably are unattainable.

It should be mentioned that the polarizability
involved, for molecules in solution, is the total
polarizability—including not only the Kirkwood-
Shumaker proton migration polarizability but also
a contribution associated with orientation of the
permanent dipole moment. In the rigid structures
contemplated in the preceding sections, there would
be no orientation contribution.

Appendix I

A. Consider a spontaneous infinitesimal change
in a thermodynamic system carried out in such a
way that no work is done on or by the system.
Then

dU < TdS + 5, wmdNy(DW = 0)

f=1

d4 <0 (T, Ny, ..., Ny constant; DW = 0)

For example, the volume of a gas will change in
such a way (increase) as to decrease the Helm-
holtz free energy, if 7', NV, . . . N, are constant and
the external (resisting) pressure is zero. If the
process is carried out, as it would be in many bio-
logical systems, in contact with a reservoir of
molecules of species, say, 1,2, . . .,»’ with constant
chemical potentials, then

d(A — MgATa><0 (T,,u.l,...,ﬂv',Nv'.;.],.‘.,
s=1
N, constant; DW = 0) (1.1)
determines the direction of a spontaneous change.

If the process occurs at constant pressure but no
non-p IV work is done, then

’

d(A + oV = 3 #.N.><o (T,p,m, -,
§s=1
w'y Nvvyi,. .., Ny constant; DWaonpy = 0) (1.2)
B. In the special case in Section I1
dU = 7dS — ¢dM — PdE + pdN (1.3)
U=TS — oM + N (1.4)

were ¢ is defined by (in adsorption problems it is
called the ‘‘surface” or ‘‘spreading’’ pressure; it
can also be considered the negative of a chemical
potential)

— ¢ = (QU/OM)s.e.n
and P by
— P = (QU/QE)s.u.v
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P might be called the total polarization. (In di-
electric theory, the term analogous to P dE above
is usually written® PVdD.) Pisan extensive quan-
tity and Zis intensive. P and E will always have
the same sign.

Equation I.1 reads, for present purposes, d(4
— Np) < 0(7T, p, M, E const.). That is, the two
chains will tend (thermodynamically) to separate
if A — Nu is lower for the separated chains than
for the paired chains at the same T, y, M and E
and vice versa.

Also, for a reversible process

dU = TdS + DWss + pdN (M, E constant)
d(4 — Nu) = DWeo (T, u, M, E constant)

where DW,, represents reversible work done on the
system with M and E held fixed. Hence the dif-
ference in value of 4 — Ny in two states (T, u, M,
E fixed) is a measure of the work which must be
done on the system to convert one state to the other.

Appendix IT

The basic thermodynamic equation for the model
in Section III is
dU = TdS + rdl — PdE + w'dB + pwdN (IL1)

where 7 is the tension (force) and g’ and u are chem-
ical potentials. Using eq. 15 to change independ-
ent variables from / and B to B, and B

dU = TdS — 7(l3 — la)dBa — PdE +
(0" + 7lg )dB + wlN

TS — T(l{i - la)Ba + (,U'Y + Tl{i) B + ,u,N
TS + 7l + u'B + uN (11.2)

Ad(Np — A) = SAT + (I3 — la)dBa + PAE —
(v + 7lg)dB + Ndp (I1.3)

U

Appendix III

Section II.—Suppose that when the field £ is
applied the potential at 3//2 is also changed from
zero to . Yo may be regarded as a second inten-
sive parameter (in addition to £) on which ther-
modynamic properties depend. The complete =
can then be written by multiplying each of Q,, O
and Q»ineq. 1 by

el (n — ¥ M) ¢—(q + @)vo/kT
and replacing X in eq. 3 by
N = Xe~ow/kT
Then eq. 8 becomes

_ MW _ Mg+ g2

T LT + MIng(\') +

é‘—i (quy V] (1IL1)

Eq. 9 is unchanged except for replacing A by \'.
Equation 11 now reads

w(E, o) _ MW £\
kT -7 kT + Mn £o()\/)+
%(f—f)’ IV — V1% (11L.2)
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and placement of A by A’. We note, incidentally, that
=0T SR - 8 e

5 () - oy s e (5E), () (5 -
3/‘:1 i i(i’ aer‘ilseirrllgwiz'll'?)rrlnlj:che= faoctt}‘zi;e‘c Ecsl'leariluer;ﬁlgce::’ cg’ kT X ¥ X = %%! X % = —Ng

ions bound depends on .

Section III.—We replace N by N\ in eq. 18.
Equations 21-23 are all unaffected except for re-

as would be expected on thermodynamic grounds.
A similar result follows above (for Section II).

EUGENE, OREGON

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, IowA STATE COLLEGE]
Reversible Uptake of Oxygen by Vitamin B,,,

By BRUNO JASELSKIS AND HARVEY DIEHL
RECEIVED JUNE 20, 1957

The apparent specific volumes of vitamins Bj; and Big have been measured, the values obtained being: for By 0.665
(independent of the presence or absence of oxygen); for By 0.850 (in the absence of oxygen) and 0.713 (in the presence of
oxygen). An amperometric titration of By, with a standard solution of oxygen confirmed the earlier finding that vitamin
Bi2a when placed in solution dimerizes through the agency of oxygen. It was further established that the combining ratio
is two molecules of Bysa to one molecule of oxygen. The amperometric titration method further showed that vitamin Bis
does not combine with oxygen. Thisisalso in agreement with the earlier measurements of diffusion coefficients and apparent
specific volumes. An amperometric titration of vitamin Bs with oxygen gave results in accord with the concept that Bis:
is a bivalent cobalt compound which is easily oxidized to Biza. The titration showed two end-points corresponding first

to the oxidation of the cobalt and second to the dimerization of Bis,.

Vitamin By, combines reversibly with oxygen gas,

this being the first case of a trivalent cobalt compound to exhibit such behavior,

A repetition?! of the measurements of the diffusion
coefficients of vitamins By, and By confirmed the
earlier report? that the molecular weight of vitamin
Bisg in solution is twice that of By. The newer
measurements of the diffusion coefficients were
made by a free diffusion method using the Tiselius
electrophoresis apparatus (without applied poten-
tial); the results probably are accurate to within
5%. The molecular weights were calculated by
both the Stokes—Einstein and the Stokes—Einstein—
Longsworth® equations, the latter giving values
for the molecular weight of By, in reasonable agree-
ment with that calculated on the cobalt content.
Calculated by either method, however, the molec-
ular weight of Bysa appeared to be twice that of Bu.
Moreover, these results were confirmed by a meas-
urement of the sedimentation coefficients and of
the apparent specific volumes; these values to-
gether with the diffusion coefficients make possible a
calculation of molecular weight by the Svedberg
equation,

These studies showed in a gross way that vita-
min Bye, dimerizes in water solution but offered no
mechanism by which the dimerization might occur.
A clue to this was obtained during the course of the
density measurements. Erratic results were ob-
tained in the initial measurements on By, although
no difficulty was experienced with By,. The vari-
ation was traced to the time of contact of the solu-
tions with the atmosphere and ultimately to oxy-
gen. That oxygen and vitamin By, do interact was
shown then by density measurements and by am-

(1) B. Jaselskis, J. F. Foster and H. Diehl, Jowa State Coll. J. Sci.,
81, 1 (1956).

(2) H. Diehl, R. R, Sealock and J. Morrison, sbid..

(1950).
(3) L. G. Longsworth, TaIS JoURNAL, 75, 5705 (1953).
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perometric titrations of Bpa with oxygen. The
combining ratio is two molecules of By, to one
molecule of oxygen. This is apparently the first
record of a trivalent cobalt compound combining
reversibly with molecular oxygen.

A. Apparent Specific Volumes of By, and Bi

The density measurements were made by the pycnometer
method and the calculations made using the usual relation-

ship
wmd-(222)(9)
Po po g

in which v, is the apparent specific volume, py and p, the
densities of water and solution, respectively, V the volume
of the pycnometer, and g the weight of the solute.

Materials.—Vitamin Bj;, obtained from the Squibb In-
stitute for Medical Research, New Brunswick, N. J., was
recrystallized from carbon dioxide-free water. Oxygen-free
nitrogen was prepared by passing tank nitrogen through
two scrubbers of vanadous sulfate, one scrubber of sodium
hydroxide, and one of water.

Vitamin Bis, was prepared from crystalline vitamin By,
by the hydrogenation procedure.*

Apparatus and Procedure.—A 5.0-ml. pycnometer was
used. Weighings were made using tares of identical weight
and volume. Solutions were kept in a water-bath at 25.00
= 0.01°. The balance room was maintained at slightly be-
low 25°,

The pycnometer was charged with liquid already brought
to equilibrium with oxygen-free nitrogen, air or oxygen.
Water was placed in a small conical flask bearing a two-
holed rubber stopper carrying lengths of glass tubing one of
which reached the bottom of the flask and the second of
which served as a gas outlet. The gas was bubbled through
the solution for several minutes. The crystalline vitamin
was added through the gas outlet tube and thus dissolved
in the water without the stopper having been removed.
The gas stream was then continued an additional 30 minutes.
The solution was then transferred to the pycnometer with
a hypodermic syringe. In the oxygen-free experiments the
pycnometer and syringe were well flushed with nitrogen and

(4) E. Kaczka, D. E. Wolf and K. Folkers, ibid., T1, 1514 (1949).



