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According to A. M. Buswell ¢t al® and K.
Kuratani® the water molecules bound to

(1) A. M. Buswell, E. Erebs and W. H. Rodebush,
J.Am. Chem. Soc., 59, 2603 (198T); J. Phys. Chem., 44, 1126
(1940).

(2) K. Kuratsni, Raports of the Radiation Chemistry
Research Instit-te (Tokyo Univ.), Vol. III, 14 (1049).

gelatin and other proteins cause infrared
absorption bands which range from 2.85 u to
8.08 u. As Sponsler, Bath, and Ellis® have
pointed out, these water molecules must be of

(3) O. L. Sponsler, J. D. Bath and J. W. Ellis, J. Phys.
Chem., 44, 996 (1940).
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two kinds—(1) those bound to the peptide
linkages in the backbone of protein and (2)
those bound to the polar groups in the side
chains. In order to obtain information about
the molecular state of water bound exclusively
to the peptide linkage, the present writer made
3p region infrared absorption measurements
of a film of “amilan” (Poly &-capramide),®

.. ..—(CH,);—CONH— (CH,);—CONH—. .,

in dry as well as in wet state, and found that
there exists a band at about 2.86 x which is
artributable to the water bound to the peptide
linkage in this compound. The result obtained
and its interpretation are given in this paper.

The dried specimen of amilan used here was
prepared by keeping an amilan film for two
weeks in a sealed tube specially made of silica
glass with plane-parallel windows as shown in
Fig. 1, which contained concentrated H,SO,

Paraffin

Windows of plane parallel silica glass plates
Fig. 1.

as is illustrated.® The dried film within the
tube was subjected to the spectroscopic meas-

(4) Material of synthetic fibers made by the Toyo Ray-
on Co

(8) The writer owes to. Mr. H. Yumoto’s suggestion in
devising this drying appsratus.
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urement without being taken out, by passing
the infrared radiations through the film bet-
ween the plane parallel windows. The result
of this measurement is shown graphically by
curve A in Fig. 2, where the infrared absorp-
tions due to the silica glass plates of the
windows have been eliminated. Curve B in
Fig. 2 is obtained on the same amilan film,
measured after it was taken out from the tube
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Fig. 2.—Infrared absorption curves for (A)

conc. HyS0,-dried amilan film, (B) amilan

film under water vapor of 0.0l atm., and
(C) water bound to amilan.
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and exposed to the air of 76 % relative humidity
at 11°C. (i. e. 0.01 atmospheric pressure of
water vapor). According to the private com-
munication of Mr. H. Yumoto, amilan con-
tains in the air of this humidity about 0.3
mole of H,0 per -—(CH,);—CONH-— unit
(=118g.) in equilibrium. As is seen in the
figure, deviation of the absorption spectrum
of wet amilan from that of dry amilan is
consgpicuous in 2.8-2.9g region. Curve C in
Fig. 2 represents the absorption spectrum due
to the water bound to amilan as obtained by
subtraction of the data of curves A from B (B
—A). It shows an absorption peak at about
2.86u, which may be associated to the O—H
stretching vibrations in the bound-water
molecules. It is noteworthy that, while bound-
water of gelatin and other proteins always shows
absorptions not only in 2.85-2.90u region but
also in 2.90-8.03u region, the amilan-bound-
water shows an absorption only at 2.86u and
not in the 2.90-8.03u region. This fact may
be taken as indicating that the water mole-
cules which cause the absorption in the 2.90-
3,03 region are those bound to side chains
of the proteins, and those bound to the peptide
linkages cause the absorption at about 2.86u.
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Table 1
Ilbfu&nber o{)o perturbing

Molecules and ydrogen bonds versus  pigitiong of

H maximum possible Observers

their states number of perturbing O—H bands
hydrogen bonds 7

H;0 in OCL 0/4 2,70 Fox and Martin®
in amilan 27 /4 2.86 Tsuboi

pure water 4/4 2.95 Fox and Martin(™

ice 4/4 3.08 Fox and Martin(®

gelatin 2.85—3.03 Buswell, Krebs, and

Rodebush<; Kuratani®
ROH in CCl, (dil.) 0/2 2.74 Fox and Martin®
Smith and Creitz®
H

) ({ (a) 2.76 Fox and Martin®
in /0-—11--— 2 12 Smith and Creitz®

R b ( R (b)y 2.86 Smith and Creitz®

( a)

ROH..-O(CH,)CgH, 1/2 2.80 Tsuboit®

ROH..-O(C,Hs)q 1/2 2.85 Tsuboi(!®

pure liquid 2/2 2.95 Smith and Creitz(®, and others

pyridine 1/2 3.00 Errera and Sack(D

It is also noticed that the O—H band of
amilan-bound-water or peptide-bound-water
is situated at a wave-length much shorter than
the O—H band of pure water {at 2.95u). This
indicates that the water molecule in peptide
linkage is in a less distorted state than the
water molecule in pure water.

Further details of the molecular state of the
peptide-bound-water may be conjectured from
the position of its O—H band in the following
way.

The positions of the O—H bands of H,0 as
well as of other hydroxy molecules (ROH)
depend upon how far O—H vibrations in these
molecules are perturbed through hydrogen
bondings by other molecules. Each of these
molecules has two possible types of perturbing
hydrogen bonds—i. e. (I) hydrogen bonds
through the hydrogens of the molecule under
consideration and {II) hydrogen bonds through

(type I) O—H....X
X—H....O0—H (type II}

the hydrogens of molecules other than the one
under consideration.® Tn Table 1 are listed
the positions of some of the O—H bands
known for water and alcohol molecules per-
turbed in various ways. As may be seen from
the table, the number of the perturbing hydro-

{6} P.C.Cross, J. Burnham and P. A. Leighton, J. 4m.
Chem. Soc., 59, 1184 (1937).

(7) J.J.Fox and A.F. Martin, Proc. Roy. Soc.(London),
A 174, 234 (1940).

(8) J.J. Fox and A. F. Martin, Trans, Faraday Soc.,
36, 897 (1940).

gen bonds of each type is a factor determining
the degree of perturbation; and the strength
of the proton-accepting or proton-donating
powers of molecules with which the molecule
under consideration is hydrogen-bonded is
another factor. Thus, an alcohol molecule
perturbed through the single hydrogen bond
of type II by another alcohol molecule gives
an O—H band at 2.76x, and that perturbed
through the single hydrogen bond of type I
by another alcohol molecule {or ether molecule)
gives an O—H band at about 2.86u. While,
an alcohol molecule perturbed through hydro-
gen bonds of both types (I and TI) by other
alecohol molecules gives an O—H band at 2.95.
The carbonyl O in the peptide linkage is con-
sidered to be a stronger proton-acceptor than
the ether or hydroxy O, because there is the
electron migration from NH group towards
the carbonyl group in the peptide linkage. It
is expected, therefore, that the hydrogen bond
O—H....O between the peptide C=0 and the
alcohol molecule, if it exists, should give O—H
band at a longer wave-length than 2.8Gx (Let
its position be 2.86+aw).

Since the perturbation through the hydrogen
bond of type II is weak as shown above, it
is unlikely that the N—H....O bonding be-
tween the peptide N—H group and the bound-
water molecule, which is one of the possible
perturbing hydrogen bonds, is responsible by

@ ¥. A. Smith and E. C. Creltz, J. Resear. Nal. Bur.
Stand., 46, 1456 (1950).

(10) M. Tsuboi, This Bulletin 25, 60 (1952).

(11) J. Errers and H. Sack, Trans. Faraday Soc., 34,
728 (1938).
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itself for shifting the water band from 2.70u
(due to free H,0) to 2.86u. On the other
hand, simultaneous perturbations of two types
(I and II) as those in pure water may be
ruled out for the bound-water molecule, be-
cause the O—H band under consideration is
situated at a much shorter wave:length than
that of pure water. The simple perturbation
through hydrogen bonds of type I is the prob-
able one for the present case. Calculations
of the vibration frequencies of H,0 molecule(2)
show that, if one of the two O—H’s of a
water molecule is perturbed through the hydro-
gen bond of type I by a peptide oxygen atom
and the other O—H is left free, the molecule
will give two O—H bands at about 2.7u and
at 2.864au, while, if both of its two O—H’s
are perturbed by peptide oxygen atoms, it will
give two O—H bands, at a little longer wave-
length than 2.864-« g (corresponding to the
symmetric stretching vibration) and at a little
shorter wave-length than 2.86-+apu (cor-
responding to the antisymmetric stretching
vibration). In the case now at issue no band
attributable to the peptide-bound-water has
been observed in the vicinity of 2.7u,@®
showing that the bound-water molecule has
no free O—H. Then, a view may be set forth
here tentatively that the peptide-bound-water
molecule has both of the two O--H’s perturbed
through O—H....0 hondings by two peptide

(1) In order to get kmowledge about the coupling
between the vibrations of two O-H’s in s water molecule,
the normal vibration frequencies of the water molecule
were calculated, assuming the potential energy (V) of
the molecule as,

h%ﬁumu%ﬁuwuéﬁmmm

where r; and »g are the bond lengths of the two 0-H’s,
rg the equilibrium O-H distance, @ the angle HOH, and
J1 ete. the force constants. If we put fj=7g==T.54855 106
dynefcm, f3 —0.70106 x 108 dyne/cm; we obtain three normal
vibration frequencies: 8702, 3048, and 1600 cm -1, which
are close to the frequencies observed for water vapor
(8750, 3650, and 1595cm—1). Fig. 3 and 4 show the two
0-H stretching frequencies of HgD molecule, as calculated
by assuming that fj=f(variable), fi=T.54655x 106 dyne/
cm., f3 =0.70195 x 108 dynefem. (Fig. 3); and that fy—fg -7
(variable), f.=0.70105 x 106 dynefcm. (Fig. 4). The dotted
lines in the figures indicate the frequencies calculated
for the case when the two O-H's vibrate independently
of each other,

75
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Fig. 3. Fig. 4.

(1) Amilan shows a weak band at 2.7Tu, but its in-
tensity remains unchanged even when amilan is dried.
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oxygen atoms (located near to each other),(4
and that the 2.86x band corresponds to the
antisymmetric vibration of that water mole-
cule. The band due to the symmetric vibra-
tion, which, according to the above view,
should appear at a little longer wave-length
than 2.86+ays has not been observed. This,
however, may not necessarily be taken as
vitiating the above view, for it is conceivable
that this band is too weak to be observed, the
dipole-moment-oscillation due to the sym-
metric vibration being smaller in amplitude
than that due to the antisymmetric vibra-
tion.(®

The bound-water band in the 2.90-8.03n
region observed on proteins may be attributed
either to water molecules boun by much
stronger proton-acceptor groups in the side
chains such as ionized carbonyl groups, or to
water molecules forming an aggregate around
the polar groups just as those in liquid water.

A few words may be added here concerning
the bound-water band at 2.86u. In the
writer’s previous measurements of the 8u region
infrared absorption on egg albumin and horse
serum albumin, %) remarkable peaks at about
2.86 were observed. This fact suggests that.
the water molecule bound to the carbonyl O
in the backbone in the manner shown above
are abundant in these proteins. On the other
hand, the present writer’s recent study on a
film of poly-p,1.-norleucine™ (an isomer of’
amilan),

CH. CH,
| |
(CH..)s ((sz)a
....—CH—CONH-CH—CONH~ .. ..,

indicated that the film shows no absorption
band at 2.86x in the air of equal humidity
as the air in which the measurement cor-
responding to the curve B for amilan (Fig. 2)
was made. The crowded hydrophobic side
chains (—CH,— CH,;—CH,—CHj;) seem to pre-
vent the water molecule from reaching the-
backbone.

(14) The heat of adsorption of water into amilan from
liguid water is, according to K. Hoshino and H. Yumoto
(J. Chem. Soc. Japan, 70, 104 (1949)), about —1keal/mol.
From this the heat of adsorption from water vapor is
calculated to be about —11keal/mol. This value is just
a8 may be expected from the molecular state of the bound
water here assumed.

(15) For instance, the symmetric O-H stretching vibra-
tion of HeD gives much weaker infrared absorption band
than the antisymmetric one in the OCly solution (see
reference (7)).

(16) M. Tsuboi, Thiz Bulletin 22, 255 (1949).

(17) This material was kindly placed by Dr. H. Tani.
(Osaka Univ.) at the writer’s disposal.
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