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SELF-ASSOCIATION AND HYDRATION OF

N-METHYLACETAMIDE IN CARBON TETRACHLORIDE
CHAPTER I

INTRODUCTION

The significance of hydrogen bonding in protein structure has
been well established in recent years although much is yet to be learned
about the nature of the individual hydrogen bonds. Water undoubtedly
pleys an indispensable role, but few data are available to explain
the interaction between this molecule and polar groups of proteins.
Information has been obtained by such methods as protein denaturation;
however, the large number and heterogeneity of peptide linkages in
proteins makes:the interpretation of results very difficult. For this
reason & number of workers have attempted to study hydrogen bonding
and hydration in proteins by working with smaller, less complicated
molecules. N-methylacetamide (NMA) has been the object of much invegti—
gation because it is the smallest molecule containing a single peptide
group.

At first glance we might consider the investigation of NMA in
water to be the logical starting point for hydration studies. It is
possible to study the self-association of the amide in aquéous solutions,
but very little information on thé interaction of thé amidé vith vatér

can be gained if water is to be used as the solvent. Part of the trouble

-
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2
arises because of the necessarily high activities of water or amide
and because of consequent difficulties encountered in measurihg such
activities. On the other hand, if the investigations could be carried
out in an inert solvent, e.g; CClh, Henry's law would be applicable
end acfivities could be replaced by concentrations. Both self-
association and hydration constanfs could be celculated for such a
system and the strengths of the individual hydrogen bonds could be
inferfed. If date of this kind were available for amides dissolved in
solvents of different dielectric constant, it-should be possible to
make predictions about the nature of hydrated species present in aqueous
media.

Several methods aré readily available for studying the self-
association of a compound. Infrared absorption measurements, for exemple,
are convenient and provide good results where only monomer-dimer or
monomer-trimer equilibria are involved; however,the method is less sat-
isfactory for molecules that associate to form more qomplicated species.
In the present investigation attention was focused on other techniques
because N-methylacetamide apparentl& undergoes self-association to form
linear chains containing any number of moncmeric units, depending
on the stoichiometric concentration of the solution. .

Séveral factors were taken into account in choosing the method of
investigation. First,a method was desirable which would allow measure-
ments to be made at several different temperatures to permit the cal-
culation of thermodynamic properties. 1In addition, because most proteins
function normelly in & rather narrow temperature range near room tempera-

ture, a method was needed which was capable of yielding accurate results
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in this range. Second, because it was expected thgt the self-associa-
~ tion results would be needed to ¢torrelate the hydration data, measure-
ments were desired under conditions of controlled humidity, preferably
under anhydrous conditions. Thus,the experiments needed to be ca&ried
out in an enclosed system. Third, because amides ordinarily show
apprecisble self-association in dilute solutions (less than 0.02
molar) a technique incorporating high sensitivity was desirable.

A method based on colligative-property measurements seemed to be
best suited to fill all three requirements. Most of the measurements
were carried out with a vapor-pressure lowering apparatus, and avereage
molecular weights were calculated for the species in solution. Such
calculations obviously provide self-association information because,
for example, if only dimerization is involved, the calculated molecular
weight must fall in a range somewhere between the monomer and dimer
weight.

A second colligative-property method was also investigated to some
extent although the measurements had to be carried out at temperatures
ebove room temperature. A liquid-vapor equilibrium still was utilized
to measure NMA partisl pressures above solutions of the amide. Devia-
tions of the pressures from Henry's law were then explained by self-
agssociation of the compound in the liquid phase.

Two differenf methods were ‘also used to study the hydration of N-
methylacetamide. In the first, solutions of the amide in CClh were
suspended.over constant humidity solutions (ai1. Hasoh) in closed con-’
tainers whereupon water was gained or lost until the activity iﬁ the

emide solution became identical to that of the a.-cici.sl Samples were
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then withdrawn and analyzed for total water content with a coulometric
Karl Fischer titrator similar to that described by Meyer and Boyd.57
Consequently, increase in water concentration with increasiﬁg amide ’
strength was obtained at constant water activity. These data were
then analyzed in terms>of hydrated species assumed to be éresent in
solution.

The second method involved vépor-pressu;e measurements on CClh
solutions of water and the amide. When water was added to CClh contain-
ing no NMA, a linear relationship was found between amount of water
added and water activity (determined by measuring the increase in vapor
pressure of the solution). This phenomenon was explained by assuming
that water does not undergo self-association in CClh. On the other
hand, when weter was added to a solution of NMA in CClh, the relationf
ship was still epproximately linear, but the slope of the line was
increased. By measuring water activity vs. amount of water added for
a given concentration of amide, data were obttained which could be
evaluated in accordance with the various hydrated species present.

In addition to the experimental studies, considersble emphasis
was placed on a literature survey in which an attempt was made to correlate
amide self-association with structure. It was possible to conclu&e
that most N-mono-substituted amides, becauge of the location of the NHR
group proton trans to the carbonyl group, undergo self—association to
form linear chains. The experimental results of the present investiga-

tion also support this conclusion.



CHAPTER. IT

STRUCTURE AND SELF-ASSOCIATION OF AMIDES

INTRODUCTION

This chapter is devoted to a considératibn of the structure of NMA
and related compounds in the solid, liquid, dissolved, and gaseous states.
Although the evidence is presented primarily to establish the structure
of NMA in dilute, non~polar solutions much of it also applies to the
structure of the amide group in natural polypeptides and proteins. As
would be expected, the structure of amides has a marked effect on their
self-association, and though little evidence is yet available, the
structure undoubtedly influences the hydration of these compounds.

The structural evidence has been taken from a variety of experimental
studies, and where possible, results from two or more independent sources
have beeﬁ compared and analyzed together. When available, self-assoc-
iation data for compounds in solution are included.

The compounds have been classified into unsubstituted and N-mono-
substituted amides although the distinction is occasionally overlooked
when it seems appropriate to discuss the two classes together. 'A
brief section is also included on the structure of polypeptides and

proteins.



6
UNSUBSTITUTED AMIDES

Formemide. The structure of this compound in the crystalline
state at -50°C. has been established by the X-ray diffraction study
of Ladell and Posto1 Four molecules are présent in e monoclinic unit
cell having the dimensions a =3.69 + 0.01, b + 9.18 + 0.025, ¢ = 6.87
+ 0.02 X, and B = 98 + 1/4°, The space group is P2, /0. The molecules
are arranged to form puckered sheets with a separation between sheets
of about 3.1 X. Within each sheet pairs of foramamide molecules asso-
ciate about centers of symmetry to form almost coplanar "bimolecular"
units. The sheets are puckered as a result of tilt in the bimolecular
units relative to each other and are situated approximately parallel
to the (101) plane. Hydrogen bonds 2.935 K long Jjoin the monomers
together in the bimolecular units, which are in turn linked to each
other by somewhat shorter bonds, 2.880 K, to form the sheets.

The C=0 and C-N covalent bonds have lengths of 1.255 + 0.013 and
1.300 + 0.013 K, respectively. The latter value deviates significantly
from the typical C-N bond length of 1.47 Z 2 due to & resonance structure,
which can be represented by -ééiN< Amd -Cé§<. The almost coplanar structure
of the group also supports this conclusion. Molecular parameters are
summarized in Table 1.

) Several investigators have studied the structure of formamide

in the gaseous phase by recording and analyzing the microwave spectrum -
 of the compound. In addition to formamide, Kurland and Wilson have
studied the isotopic species 1,2 N di-deutero formamide and 1 N mono-~

3,4

deutero formamide. From the very smell positive value of the inertial

defect, these workers concluded that the molecule is planar. Bond



TABLE 1

MOLECULAR PARAMETERS OF SELECTED AMIDES %

R

1 H
AN dl iﬁ///
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ture
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TABLE 1 -~ continued

Molecule
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TABLE 1 -~ continued

Molecule Method|State dl d2 d3 dh d5 o ] Y § Struc-|Ref.
X-ray |Crys.|1.536 +]|1.236 +[1.290 +| .... |1.465 +|116.5° [123° coes  |120.5° R;,C,0, 8
aiff. 0.016 X{o0.012 X|0.013 X 0.013 X N, and

R, are
afmost
coplan
ar; the
trans
to the

General ..]1.53 K |1.24 & ]1.32 X[1.00 £ |1.47 R |114°  |125° 114° 123° |Planar| 9,

amide with H| 10

structure trans

according to the

to Paul-

ing and

workers

aMa.ny additional examples have been cited by Pimentel and McClellanll

» Table 10-I, p. 300.

betgeen normal single and double bond lengths is given on page 304 of the same reference.

and .

#
dl,

dh’ o and B were assumed to be the same as in acetamide.

A comparison
See also references

12




10
distances and angles were calculated and are included in Table 1. The

(o]
moments of .inertia are: IZ = 6.952, I% = 44 448, and Ig = 51,407 amu A2;

and the inertial defect, A Ig - I; - I%, is found to be equal to 0.007
(o]

amu A°. TFor a rigidly planar molecule Ig = IZ + Ig. The dipole moment,
as determined from Stark-effect measurements, is equal to 3.71 + 0.06
Debyes and makes an angle of 39.6° with the C-N bond. The quadrupole
cbupling constants, calculated from the frequency shifts of the hyperfine
splittings observed for several rotational transitions are: X, = 1.9mc,
Xp = 1.Tmc, and Xo = -3.6mec.

Costain and Dowlings’13

studied the microwave spectra of 10 iso-
topic species of formamide and found, in contrast to the work of Kurland
and Wilson, quite anomalous results for the inertial defects explainable
only by postulating a slightly nonplanar structure in which the CN32
group takes the form of a shallow pyramid. Thé two hydrogen atoms of
the NH2 group apparently move in a direction perpendicular to the
principal plane, giving rise to different equilibrium positions for the
H atoms on opposite sides of the plane. This effect is well known

for many molecules and is best understood for ammonia.lh The dihedral
angle between the H'NC plane (H' trans to the formyl hydrogen) and the
NCO plane is T + 5°, and the angle between the H'NC plane (H" cis to
the formyl hydrogen) and the NCH plane is 12 + 5°., Kurland and Wilson's
values for the moments of inertia and the quadrupole coupling constants
were canfirmed, but several significant diffcrences were found in the
bond distances and angles. See Table 1.

The structure of gaseous formemide has also been studied by analysis

of its IR spectrum although the interpretation of results is not as



11

. . 15,16
straightforward as in the case of the microwave spectrum. Evans
recorded the IR spectrum in the range 2.6 to 15.4u and concluded at
first that the molecule has a markedly nonplanar structure in the.vapor
phase, the main evidence for this conclusion being derived from the

shapes-of the bands due to the NH, stretching modesls. Later, the

2

spectrum was reinvestigated in the 2.7 to 3.Tu range with a grating

' spectrometer having considerably better resolution than the prism

instrument used earlier.16 The high resolution data were not in agree-

ment with the original interpretation, and the slightly nonplanar form

proposed by Costain and Dowling was adopted as the most probable structure.
On the basis of his infrared results taken in conjunction with the

15

available Ramen data in the literature, Evans™” made an assignment of the
wavelengths observed for gaseous formamide to the normal vibrations of
the molecule. Only the more easily identifiable N-H and C=0 modes will
be discussed here because they are of greatest interest in the comparison
of spectra observed for different amides. Also, these bands are sensitive
to hidrogen bonding and are oftentimes utilized in quantitative studies
of association.

Formamide would be expected to have two infrared peaks in the 3u
region arising from the symmetric and asymmetric stretching vibrations of

the NH2 group. These were recorded by Eva.nsls

at 2.90 and 2.82y ,respectively,
for the compound in the vapor state. No shifts in the wavelenéths were
observed when the temperature was varied between 130 and 160°C. and the
pressure between 20 and 95 mm, showing that association is nonexistent

in the gaseous state under these conditions.

The symmetric stretching vibration of the OCN group was identified

with the peak at T7.9Tu and the asymmetric stretching mode with the peak



12

at 5.75u. The latter vibratidn is largely confined to the C=0 bond.
Neither of these waveléngths showed any shift over the temperatufe and

15

pressure ranges studies

Davies and Evansl7 recorded the N-H stretching vibrations of
formamide in carbon tetrachloride solution both for the monomer and
the associated species. Absorption peaks due to the monomer were
observed at 2.93 and 2.83u (symmetric and asymmetric stretching modes,
respectively) and peaks for the associated species at 2.86, 3.03, 3.10,
and 3.15u.

In chloroform solution the symmetric and asymmetric N-H stretching
modes of the formemide monomer ﬁere recorded at 2.94 and 2.84u by Evans15
and at 2.91 and 2.83u by Puranik and Ramiahla. The latter workers also
recorded associated N-H peaks at 2.97, 3.05, and 3.12y.

The carbonyl stretching mode of the formamide monémer (asymmetric
stretching vibration of the OCN groupls) in chloroform is observed at
%5,18. 15,18.

about 5.84 Upon association this peak is shifted to ~5.90n

In the 6u region of the IR spectrum carbonyl stretching vibrations have
15,18
been recorded at 5.78, 5.83, 5.88, 5.94, and 7.63u .

Puranik and Ramia.h18 have attempted to identify the origin of
several N-H stretching vibrations observed in the associated formamide
species. On the basis of a simple monomer-trimer equilibrium for forma-
mide in chloroform solution, they have shown that the ratio Ce3max(s)/
€ (T) is constant to within 20 per cent, where € (S) is the

max max

apparent molecular extinction coefficient for the symmetric N-H -

stretch (2.9lu),emax(T) is the coefficient of the associated peak at 3.05
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or 3.12u, and C is the concenfration. Similarly, cg%mai(a)/emax(T) is

. constant to within 20 per cent, where ;max(a) is the extinction coefficiént
for the asymmetric N-H stretch (2.83u) and gmax(T) is thet of the 2.97Tu
éssociated peak. The authors have therefore concluded that the 3.05

and 3.12¢ peeks are due to symmetric N-H stretching modes in the associated
molecule and that the peak at 2.9Tu is due to.the asymmetric N-H stretch-
ing vibration of this species.

Acetamide. The crystal structure of rhombohedral acetamide has
been determined by the X-ray diffraction study of Senti and Harker7.
Eighteen molecules are present in a hexégonal unit cell having the
dimensionsv a = 11.44 : 0.03 and ¢ = 13.h§ + 0.03 K. The space group
is Cgv -- R3c. The molecule is planar, with no atom deviating more
than 0.01 Z from the plane. AdJacent molecules are heid together.by
N-H--0 hydrogen bonds 2.86 + 0.05 Z long to form rings containing six
molecules, which are themselves interconnected by other hydrogen bonds.
The molecular parameters are given in Table 1. Ladell and Postl have
noted that the 1.38 Z C-N bond length is anomaldusly long and should
probably be reinvestigated.

The structure of acetamide in the gaseous state.has been determined
by an electron diffraction study of Kimura and Aoki6. Bond lengths and.
angles were calculated on the assumption of & planar structure and are
included in Table 1. A comparison of the molecular parameters obtained
by this method with thése of X-ray study of Senti and Harker shows them
to be in agreement within experimental error.

The infrared spectrum of acetamide in the rock salt range, 2.50 to

16.0y, has been studied by Davies and Hallamlg. Results were obtained
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principally in chloroform solution, but where this solvent absorbed

too strongly solutions in acetonitrile, carbon tetrachloride, and acetoné
were utilized. The absorption bands obsérved in a1l solvents were

then discussed together as a "synthetic" spectrunm.

The symmetric and asymmetric N-H stretching modes of the monomer
are observed at 2.93 and 2.83u, respectively. Association leads to
the appearance of three new absorption peaks: 2.86, 2.98, and 3.1hy;
in eddition, a slight shoulder is repeatedly observed near 3.03u.

From the position, intensity, and sharpness of the 2.86u wavelength
Davies and Hallsm assigned it to the asymmetric N-H mode of the associ-
ated species. This assignment is epparently not in esgreement with
Pﬁranik and Ramiash's assignment of the 2.9Tu peak of formemide to the
asymmetric N-H stretch of the corresponding associated species. A
comparison of the formamide and acetamide spectra in the 3u region
shows them to be quite similar; thus, it seems unlikely that the
asymmetric N-H stretching mode can give rise to the 2.9Tu peak in
formamide, while producing in acetamide the 2.86yp peak.

The outstanding feature of the 6y region is the well-known
carbonyl absorption band. This ;;n be resolved into two distinct

peaks: 5.83 and 5.90y in CC1; 5.85 and 5.94u in CH_CN; 5.88 and 5.96u

3
in CHCl3. The effects of temperature and concentration on the spectrum
leads to the conclusion that the peak at 5.83 to 5.8Bu arises from the
monomer and the one at 5.90 to 5.96u from the associated moleculel9.

A comparison of the IR spectra in the 3, region of acetamide and

other unsubstituted amides has been made by a number of workers. Badger

and Rubalcava20 noted that acetamide, propionamide, and n-butyramide
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exhibit virtually identical spectra in the range from 2.8 to 3.2yu.
According to Buswell gE_g;?l both benzemide and propionamide in carbon
tetrachloroide solution hgve N-H peeks at 2.8.3, 2.92, 3.03, and 3.15ﬁ.
Thus, it is evident that the structure of the amide group in unsub-
stituted amides is little affected by the nature of the side chain.
Tsuboi22 has suggested that the 3.15u peak of unsubstituted
amides arises from a cyclic dimer because of its proximity to the 3.1lu
wavelength of S-valerolactam, which forms cyclic dimers as a consequence
of the C=O and N-H groups being cis to each other. On the other hand,
the 3.03u peek probably can be attributed to the N-H stretching mode
of & linear polymer because it is located near the 2.97 to 3.03u band
of N-methylacetamide (known to form linear chains as will be seen later).
The infrared spectra of primary amides in the NH and CO stretching
regions are summarized in Table 2.

Davies and Hallamlg

studied the self-association of acetamide in
water, chloroform, acetonitrile, and acetone solutions. Using a freez-
ing point-depression method, they found that acetamide is unassociated

in water solutions at 0°C for concentrations up to at least 3 molear.

At 6, 25, and 45°C in chloroform (partition method ﬁith water) the
molecule associates almost exclusively to form a trimer although dimer
formation is also detectable at 45°C. The values of the trimerization
constants, Ki3, at the respective‘temperaﬁures are 51, 34, and 24 l/molez,
and the enthalpy of formation,lAHl3, is equal to -3.3 Kcal/mole of trimer
or -1.1 Kcal/mole for each hydrogen bond on the assumption of a cyclic
species. Although the enthalpy change appears to be abnormally low, it
can be rationalized on the basis of & relatively strong interaction between

solvent and solute molecules.
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TABLE 2

INFRARED SPECTRA OF PRIMARY AMIDES IN THE NH AND CO STRETCHING REGIONS

Species
Molecule State Monomer Polymer Reference
vS(NH) va(NH) v(CO) v(NH) | w(co)
|Gaseous |2.90u | 2.82u S.TSu: —— —— 15
T.9Tu
. 2.86u
CCl 3.03u
Solg. 2.93u | 2.83u === | 3.10u — 17
' 3.15u
2.94u | 2.8Ly ~5.8)4u.: —— | 5.934 15
T.T0u
CHCl3 : -
Formenide g p’ 2.91u | 2.83u [w5.84u | 2.97u | 5.88u 18
3.05u ’
3.12p
mem= | ==== |#5.83u | 2.95u | 5.9ku 15
3.00p | 7.63u .
3.12n
Liquid
5.78u 18
5.88u
CCl1 . .
Sold . 2.92u | 2.83y _— 3.15u —— 21
Acetamide
CHC1 2.86u
Soln? 2.93u | 2.83u — 2.98y ——— 17
3.1k4y

a b
va(ocn), vs(ocn)
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TABLE 2 -- continued

Species
Molecule State Monocmer Polymer Reference
vs(NH) va(NH) v(CO0) v(NH) | v(CO)
WSynthetic
state" 2.93u [2.83u [5.8Tu 2.86u | 5.96u 19
Acetamide 2.98u
3.03u
3.1ky
2.92u |2.83u — 3.03u — 21
Propion- | CCl, 3.15u
amide Soln.
2.92p [2.83u — 3.03u —_— 20
3.15u
n-Valer- cc1
amide Solt. 2.92u {2.83u —_— 3.1ky — 21
. cClL 2.92u |2.83u —— 3.03u — 21
Benzamide Solﬁ. 3.15,
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Boiling point-elevation data in chloroform (61°C) are in agree-
ment with the data obtained from the partition method in that trimers
are formed with an increased amount of dimer. In acetonitrile no
association occurs up to 0.4l molar at the boiling point (82°C), but
in acetone :t its boiling point (56°C) a monomer-dimer equilibrium is
present with a dimerization constant K12 of 0.#9 + 0.04 1/mole.

Davies and Thoma823 used an isopiestic method to study the self-
association of trichloroacetamide in benzene solution. At 25°C the
campound associates to form a series of associated species with successive
equilibria all having the same constant, i.e.? K12 = K23 = ,.. = Kn' The
value of Kn at 25°C is 93 in mole fraction units. At 35 and 45°C,
however, the equilibria apparently conform to the case where K12 < K23
= K3, = +-+ =K . The values of K,, and K at 35°C are 64 and 77 while
those at 45°C are 43.5 and 63. Although the data were treated on the
assumption of unlimited equilibria, the results could be accounted for
equally well by postulating only dimer and trimer formation.

The heat of dimerization, -7.2 + 0.3 Kcai/mole, is twice that of
the subsequent stage, -3.7 + 0.1 Kcal/mole. These results suggest the
formation of cyclic dimers and trimers, i.e., the dimer is cyelic with
two hydrogen bonds and the trimer is also cyélic with one additional
bond.

A cyclic dimer was also postulated for another primary amide,
propionamide, by Badger and Rubalcavaao, who utilized the N-H absorption
peaks in the 3u region to study the self-association in carbon tetra-

chloride solution. Results could be explained on the assumption of

simple dimerization with a constant K

1o OF 45 + 6 1/mole at 25°C.
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Evidence of the cyclic dimer came from the heat of dimerization,
which was éalculated to be -7.85 + 0.22 Keal /mole.

Table 3 summarizes the self-association date of acetamide, tri-

chloroacetamide and propionamide.
N-MONOSUBSTITUTED AMIDES

N-Methylformamide. Infrared and Raman spectra of N-methylformamide

have been recorded by & number of workers and assignments have been
ﬁade to the majority of observed wavelengths. The IR peak in the vapor
spectrum occurring at 2.8Tu has been assigned to the N-H stretching
mode and that at 5.80u to the carbonyl stretchZh. In dilute non-polar
solutions the corresponding peaks occur at 2.8920 and 5.93u2h, while

in the liquid they are observed at 3.0325 and =6.00u2h’25’26.

See
Table 4 for a summary of the infrared spectra in the NH and CO stretch-
ing regions of several N-monosubstituted amides.

From an analysis of the baud contours in the IR spectrﬁm of NMF
recorded between 2.86 and 22.2u Jones concluded that the isomer having
the oxygen and the hydrogen of the amide group cis to each other is
present in.the vepor phaseah. However, criticism of this conclusion27

led to a reexamination of the spectrum between 2.78 and 3.84u, whereupon

it was concluded that neither of the rigid models adopted (cis or trans)
28

provides a satisfactory basis for the interpretation of results.
In a third investigation29<Jones recorded the IR spectrum of gaseous

NMMF and several other N-substit#ted emides in the range between 2.50 and

2h.lﬁ. This time it was concluded that the molecule probably exists in

the cis form in the vapor phase although, as noted, the cis configuration



TABLE 3

SELF-ASSOCIATION OF PRIMARY AMIDES

METHOD TYPE OF ENTHALPY OF
MOLECULE AND SOLVENT ASSOCIATION TEMP. ASSOCIATION CONSTANTS ASSOCIATION REF.
Freezing point Unassociated in 0°c —— ———
depression; water soln. up to
water at least 3 molar
6°C Kl3 =51 + 2 (l/mole)2
Partition method ?rimer formation
between chloro in CHClB
- [o]
form and water; . 25°C (K ;=34 + 1 -3.3 Kcal/mole
chloroform
Trimer formation h4s5°C K13 =24 + 2
with some dimers
Acetamide 19
Dolll%g POl Irrimer and dimer | 61°C [K . = 3.2 + 0.
k] . —
chloroform formation ki =1.0+ 0.1 (1/mole) _—
BOillng point No association 82°c
elevation; up to 0.41 molar
acetonitrile P :
Boiling point
elevation; Dimer formation 56°C Kip = 0.49 + 0.04 ———

acetone

0e




TABLE 3 -~ continued

MOLECULE

METHOD
AND SOLVENT

TYPE OF
ASSOCIATION

TEMP.

ASSOCIATION CONSTANTS

ENTHALPY OF

ASSOCIATION [REF-

Trichloro-
acetamide

Isopiestic
method, benzene

Series of associa-
ted species formed
with successive
equilibria all
having the same
constant, K =
K2 =K . g-
su}ts can also be
accounted for by
dimer and trimer
formation

25°C

1

K
K =93

o = 93 (mole fraction)

Series of associa-
ted species formed
with successive
equilibria having
the constants

K < K =K, =
KI? Regalts ggn
also be accounted
for by dimer and
trimer formation

35°C

L5°c

~7.2 + 0.3 Kcal/
mole (dimerizg-
tion)
23

-3.7 + 0.1
(higher associa-
tion)

Propion-
emide

N-H absorption;
CClh

Dimers formed

25°c#

K, = 45 % 6 1/mole

~7.85 + 0,22 |20

* Data were taken at two other unspecified temﬁeratures.

Te
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alone has been criticized by Miyaz&wa27 who suggested that both isomers
exist in the vapor phase, with the trans form being predominant.
Miyazawa's conclusion is supported by the IR data of Suzuki26
recorded in the region between 2.78 and 38.4y for N-methylformemide
and its deuterated derivatives in the liquid and solid states. On the
assumption that the molecule is planar except for two hydrogen atoms
of the methyl group, normal vibrations were calculated for both con-
figurations and compared with experimentel data. It was concluded
that the molecule is trans in the liquid state; also, because the
skeletal deformation band observed at 13.0u for the‘liqnid (emide IV
band) is only slightly different from the value of 12.Tu observed for
the campound in the vapor state, it was concluded that the molecule

is predominantly trans in the vapor phase.

DeGraaf and Sutherland25

also recorded infrared as well as Reman
spectre for NMF and N-deutero NMF in the liquid phase. The IR spectra
were obtained in the range from 2.78 to 31.3u and the Raman spectra
beiween 2.78 end 4k . kyu. The data obtained made possible the assign-

- ment of observed bands to all 21 normsl vibrations of the campound.

A trans model having a plane of symmetry was adopted as the most prob-
able configuration.

The nuclear megnetic resonance spectra of liquid N-methylformamide

and N-methylacetamide at room temperature were recorded along with those

of several other compounds by Gutowsky and Holm30. Both NMF and NMA

show splitting of the N-methyl proton resonance which is not field
dependent, indicating spin-spin coupling with another proton. 1In

comparing the spectra of the two compounds no discernible change is
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TABLE 4

INFRARED SPECTRA OF N-MONOSUBSTITUTED AMIDES IN
THE NH AND CO STRETCHING REGIONS

Species
Molecule State Monomer Polymer Reference
v(NE)  [u(cO) v(NE) v(C0)
Gaseous 2.8Tu 5.80u — — ol
CCl, 2.89u —_— SN —— 20
Soln.
— —— 3.03u 6.00u 25
N-Methyl-
formamide
Liquid — ——— —— 6.03u 24
—— —— 3.03u 5.9Tu 26
———- -— 3.03u -——— 32
3.22u
Solid :
—— _— -—— 6.02u 26
2.86u 5.78-5.84 | ——-- —— 33
Gaseous
2.86u —— _— —— 32
N-Methyl-
scetamide 2.88y 5.92u 2.97-3.03y | --=-- 33
3.10u
CClh 3.22u
Soln.
2.88u A5.88u 2.97-3.03u | ==== 32
3.22u
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TABLE 4 —- continued

Species
Molecule State Moncmer Polymer Reference
v(NH) v(CO) v(NH) v(CO)
2.88u ——— 2.97-3.03p | ==== 22
cCl 3.22u
Soln.
2.88yu —— 2.97-3.03u 34
2.92u
3.23u
N-Methyl- 03013 2.89u — 2.99u —— 3k
acetamide |Soln: 2.92u
3.03u 6.03u 33
3.23u
Liquid
3.03u 6.1u 32
3.23u
N-Ethyl- CClh 2.89u —— 2.98-3.03u |---- 21
acetamide Soln.
N-Cyclo- CClh 2.90u —— 2.98-3.0ky [==—- 21
hexylacet- [Soln.
amide
Acetanilide CClh 2.90u — 2.9Tu —— 21
Soln.
Benzanilide CCl)4 2.86u —_— _— —_— 21
Soln.




25

noted in the doublet when the HCO group is replaced by CH3CO; consequently
the separation can only be due to interaction with the proton on the
nitrogen. The observation of only one doublet instead of two indicates
the presence of only one rotational iscmer3l’30. Also, the coincident
position of the doublet for both NMF and NMA indicates that the compounds
have identical configurations, i.e., both are cis or both are trans; one
cannot be cis and the other trans.

However, another interpretation of the present data is plausib1e30.
If the energy barrier between cis and trans forms is low enough to

allow free rotation about the CO-N bond, the chemical shift between

cigs and trans N-methyl protons would be averaged out, leaving only the

observed spin-spin coupling with the proton on the nitrogen atom.
Although NMR evidence cannot definitely rule out free rotation
about the CC-N bond of N-méthylamides, the presence of a doublet in
the spectra of N,N-dimethylemides leaves no other explanation. The
splitting in the N-methyl prstbn resonence of liquid N,N-dimethyl-
formemide and N,N-dimethylacetamide in contrast to that of the N-
methylamides is field dependent, indicating a chemical shift instead

35’31’30’36. Also, because the doublet‘occurs

of spin-spin interaction
in the same position in the spectra of both compounds, any coupling

with a formyl or acetyl proton is ruled out. The difference in the '
hydrogens of the two CH3 groups can only be due to hindered rotation
about the CO-N bond, i.e., one CH3 is cis and the other trans to the

carbonyl. Thus, the two groups reside in different magnetic environ-

ments and exhibit resonances at slightly different frequencies.
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However, at higher temperatures (above 50°C for DMA) the doublet
~ collapses into a singlet, indicating the onset of free rotation about

the CO-N 'bond3o. The free energy of activation AF# for the molecular

reorientation is calculated to be 19 Kcal/mole for DMA30. This value

compares favorably with the resonance energy of amides estimated by

9

Pauling” to be 21 Kcal/mole.

Davies and Thoma.s37 have studied the self-association of a number
of N-gubstituted amides, including NMF and NMA, in benzene solution.
The deta were obtained with a thermoelectric osmometer originally
developed by Hill38 and later improved by Brady, Huff, and McBa.in39.
The N-methyl derivatives of formamide, acetamide, trichloroacetamide,
and benzamide as well as N-propylacetamide were all found to conform
to the self-association scheme K, < K23 = K3h =...=K. At 25°C
the values of K,, and K for N-methylformamide are 213 + 5 and 218 # L,
respectively, in mole fraction units, and the corresponding enthalpy
changes are -3.49 and -3.87 Kcal/mole, respectively.

It is interesting to note that N-methyltrichloroacetamide, which
exists mainly as monomers and dimers in benzene solution, has an enthalpy
of dimerization of -7.1 + 0.2 Kcal/mole. On the other hand,the enthalpy
change for the addition of another monomer to the species to form the
trimer is -3.6 + 0.4 Kcal/mole. Thus, it appears that N—methyltrichloro-'
ecetamide, like trichloroacetamide itself, forms both cyclic dimers and
trimers37. The formation of cyclic species for the molecule appears
to be an unusual phencmenon for an N-substituted amide. As evidenced by
an aversge heat of dimerization of 3 or b cha.l/mole, most N-substituted

amides dissolved in non-polar solvents form linear associated species.
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The self-association of a number of N-monosubstituted amides

is summarized in Table 5.

N-Methylacetamide. Using the method of X-ray crystallogrephy,

Katz and Posts’h0 established the structure of NMA in the crystalline

state. Two orthorhombic crystalline forms were observed, one above and
the other below a solid phase transition temperature of 10°C. In both
forms tﬁe molecule was found to exist in the trans, almost coplanar,
.configura.tion. See Table I for bond distances and angles.

The unit cell of the lower temperature form contains four molecules
and has the dimensions a = 9.61 + 0.02, b = 6.52 + 0.01, and ¢ = T.2h +
0.015 X. The space group is ana.' Molecules are arranged in layers
perpendicular to the b axis, with a separation between layers of 3.26 K
Each layer is made up of chains of molecules oriented approximately
parallel to the a axis, and individual molecules are linked together
through N-H--0 hyd.rogen bonds 2.825 .g. long. The five heavy atoms of the
amide residue have.been determined to be coplanar within 0.015 .Z.

The crystalline modification stable above 10°C. contains only two
molecules in & unit cell having the dimensions a = 4.85 + 0.01, b =
6.59 + 0.01, and ¢ = 7.30 + 0.01 K. The space group is P;mm' Reduction
in unit-cell siie is brought about by molecular reorientation to a more
disordered state.

Kimure and Aok16 used the method of electron diffraction to study
the structure of NMA in the gaseous state and interpreted the data
with the aid of molecular parameters obtained for acetamide. The
eauthors concluded that the molecule probebly has the trans configuration

but that the N-methyl group oscillates about the CO-N bond; however,



TABLE 5

SELF-~ASSOCIATION OF N~MONOSUBSTITUTED AMIDES

METHOD TYPE OF ENTHALPY OF -
MOLECULE AND SOLVENT associarIoy | TR | ASSOCIATION CONSTANTS |pggocTATION - - |70
2k.92°C{ K = 218 + 4 (mole fract.)
’K12”5“213“i?5“ _
N-Methyl- |Thermoelectric Chain formation AH12 ;;ziﬁzole 37
s . s o =
formamide |osmometerj;benzene ;1th=Kk2 < K23 35.079C K12 175 + 3 AHn e ~3.87
34 n K =175 +3
Chain formation ’ 1
N-H absorption; |with no restric- 259°¢. Kip = k.7 (1/mole) AH, , = ~4,2 41
CClh tions placed on :
values of K
Chain formation
“‘Meth¥1“ N-H absorption; |with no restric- 25°C | K., = 0.52 AH,, = ~0.8% 41
acetamide . 12 12
dioxane tions placed on
values of K
Chain formation 1
N-H absorption; with no restric- 25°C K12 = 0.005 AH12 = 0.0 41
water tions placed on
values of K
lEnthalpy of association was calculated from association constants obtained a% 25 and 60°C. Only 25°C

data were given.

8c




TABLE 5 -~ continued

62

METHOD TYPE OF ' ENTHALPY OF
MOLECULE AND SOLVENT ASSOCIATION TEMP. ASSOCIATION CONSTANTS ASSOCIATION REF.
s Chain formation
Soy. absorption; with Kip < Kpg 25°C | K, = 5.8 (1/mole)® oW, = ~h.2
L = k - Ecal/mole
Chain formation
N-H absorption; o _ 2 - 1
dioxane with_Kka < Kq 25°C K, = 0.58 AH , = -0.8 41
N-H absorption; C?:;nxforma;ion
water K. = 9:2 ) osoc | k 0.005° AH,_ = 0.0%
5 12 = 0-005 12 -
N-Methyl-
acetamide 2k.57 | K;, = 69 # 3(mole fract)
K =148 + 2
n
Thermoelectric Chain formation
H < . = . + - el + .
g:ﬁ:zﬁZer, with_Kka Koy 35.07 | K, 56.5 + 2 AH,, 3.5 + 0.2 .
K = 118.5 + 2 AH = -3.8 + 0.2
48.90 | K, = 43.5 * 2
Kn‘= 91.7‘+ 2

2No values

of Kn were given.




TABLE 5 -- continued

METHOD TYPE OF ENTHALPY OF
MOLECULE AND SOLVENT ASSOCIATION TEMP. ASSOCTATION CONSTANTS ASSOCIATION REF.
Thermoelectric Chain formation Kl2 = 50 (mole fract.)
* - o —— —
N-Propyl- (osmometer; with Kka < K23 21.80°C K =52 4 2 37
acetamide |benzene K = n -
3L n
24,57 K12 = 8.48 :_0.2
K =28.2 + 1.0
n
N-Methyl- |Thermoelectric Chain formation
trichloro- |osmometer; with K 5 < K23-= 35.07 K12 = 5.56 + 0.1 AH12 = -T.1 #
acetamide |benzene K, =K _ 0.2(Kcalf 37
n mole) w
AH = -3.6 + 0.} ©
48.90 K), = 3.40 + 0.05
K = 17.8 + 0.5
24,92 K12 = 5,24 + 0.1
Kn =75.0+1
Thermoelectric Chain formation
N-Methyl- [osmometer; with K 2 < K23 =
benzamide |benzene K., = k 35.07 K., = k.29 + 0.1 AH,, = -3.6 +
34 n , 12 12 -
K = 61.3 + 1 0.1 37
AHn = -3.71 +
0.04
Lk8.90 Kl2 = 3.30 + 0.05




TABLE 5 -~ continued

METHOD TYPE OF ENTHALPY OF
MOLECULE AND SOLVENT ASSOCTIATION TEMP. ASSOCIATION CONSTANTS ASSOCTATTION REF.
N-Methyl- gzgiggzcgégnetlc g?:inxforfa;ion_ coom K12 = 13.0(mole fract.
] - —————
acetamide chloroform-d K, = }?. = ﬁ3 Kn 14.0
3k n
Nuclear Magnetic |Chain formation Klé = 10.5 + 2.0
resonance; with K., room _ B
-{eyclohexane Ka, = ﬁ3 Kp = 450 + 50
Nuclear Magnetic [Chain formation K, = 16.0 + 2.0
resonance; with K < Kﬁ3 room K = 150 + 10 e
CCl K = o e 0 bd n b
4 34
N-Isoprc- |Nuclear Magnetic [Chain formation K.2= 4,5
. 12 h2
pPyl- resonance; with K < K 3= room K = 8.0
acetamide |chloroform-d Kq), = E n ) -
Nuclear Magnetic [Chain fonmation K, =3.5+0.5
resonance; with K < K room _ ——
dioxane Ky, = +v. = ﬁ3 Kp=9:0£0.5
3
Nuclear Magnetic |[Chain formation K,, = 4.5 + 1.5
resonance; with K < K room i2 - ——
’ 12 23 Kn = 6.5 + 0.5

diethyl ketone

T¢E




TABLE 5 ~~ continued

METHOD TYPE OF ENTHALPY OF
MOLECULE AND SOLVENT ASSOCIATION TEMP. ASSOCIATION CONSTANTS ASSOCTATION REF.
Nuclear Magnetic [Chain formation K,, = 0.65 £ 0.10
N-Isopra- |resonance; with K12 <.K 3 = room (mole fraction) ————
pyl- dimethyl Ky = +o- = & K_ = 0.90 # 0.10
acetamide |sulfoxide
ko
Nuclear Megnetic [Chain formation K12 = 3.0
N-t- resonance; with K12 < K 3 = room K = 4.0 e
. Butyl- chloroform-d K, = 7. = ﬁ )
34 n
acetamide

et
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free rotation about the bond could not be ruled out. As seen from
Teble I bond distances and angles are in good agreement with those
obtained by Katz and Post.

A number of workers have extensively studied the infrared spectrum
of NMA in an attempt to correlate the observed wavelengths with the
structural features of the molecule. In several investigations frequencies
have been calculated by tranference of force constants from simpler
molecules. Thus, it has been possible, theoretically at least, to dis-
tinguish between proposed molecular configurations by comparison of
observed absorption bends with those cealculated for a particular con-
figuration.

| Bradbury and Elliotth3 recorded the polarized infrared spectrum
of crystalline NMA and N-deuterated NMMA with the E-vector of the
normally incident radiation directed along each of the three crystalline
axes. Spectra were recorded at room temperature (where the crystal is
not fully ordered) and down to the temperature of liquid nitrogen. The
general features of the spectra were found to be in excellent agreement
with the crystalline structure proposed by Katz and Poste.

The most easily identifiable infrared wavelengths of NMA are those
arising from N-H and carbonyl stretching, as well as a number of other
wavelengths characteristic of N-monosubstituted amides. The free N-E
stretch of gaseoﬁs NMA occurs at 2.86u33, differing only slightly from

33,32,22,34

the value of 2.88u observed for the compound dissolved in

dilute non-polar solvents, e.g., CClh or CS At higher concentrations

2.
in the same solvents associated N-H peaks occur at 2.92u3h, 2.97 to
3.03u33’32’22’3h, 3.10u33, and at about 3.22u33?32’22’3h. In liquid
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NMA associated wavelengths are present at 3.03 and 3.23u33’32. The free

carbonyl stretch of NMA occurs at about 5.90uin dilute non-polar solu-

33,32

tions and gives rise to a well-defined doublet at 5.78-5.84y>> in

the vapor. In liquid NMA the associated carbonyl stretching mode is

observed at about 6.1u33’32. See Table 4.
Miyazawa et __hh’hs’m have recorded the IR spectra of a number of

compounds including N-methylacetemide and diketopiperazine. To establish
the configuration of I\'IMA, the in-plane normal vibrations were calculated

for both cis and trans forms aiud compared with experimental data. The

calculated frequencies for the trans form were found to agree well with
_observed values, while those of the cis form did not. On the other
hand, except for the skeletal defoﬁation modes, the cis calculations
agreed well with frequencies observed for diketopiperazine, which must
take the cis configuration due to its ring structure. It was thus
concluded that N-methylacetamide exists in the
/ s
H-N \c=o'
0=C I

\C /N—H

Hy

diketopiperazine
trans configuration. Although the authors' assignment of frequencies
is generally well substantiated, some of the bands are not in agree-

ment with the infrared investigation of Bradbury and Elliott.h3
32,46,47 who

The same conclusion was drawn by Mizushima et

-

recorded both the IR and UV spectra of NMA in eddition to the Raman

effect. From a comparison of experimentel values with skeletal
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frequencies calculated for the two possible configurations, the trans

form was chosen as the most probasble structure.

Mizushima et a132 have cited the UV spectrum of NMA as evidence'
y. &
that the molecule has the resonance structure CHELNHCH3e+CH3 =NHCH3,

vhich probably accounts for the planarity of the amide group. If the

molecule can be represented simply by the structure CéeNHCH » it should

3
have a UV spectrum for the c~arbonyl group similar to that of acetone.
However, the expected peak occurs at a much shorter wavelength (<2100 Z)
than in acetone (2650 X), suggesting the delocalization of carbonyl group
electrons. This‘conclusion is supported by the fact that in strongly acid
solution an absorption maximum is observed at nearly the. same wavelength
(2659 K) as that for the carbonyl absorption of acetone. This band can be
assigned to the N-methylacetamidonium ion CH3€8ﬁH20H3, which has no reson-
ance form as a consequence of attachment of an additional proton to N.

The evidence for the N-methylacetamidonium ion has, however, been
challenged by Belloha, who was unable to confirm the existence of the
reported peak at 2695 X for NMA in aqueous HCl. He was consequently
forced to conclude that the ion does not exist, and thus has case doubt
on the UV evidence for the resonance structure of NMA.

Tsuboi22 end Mizushima gE_g;?a in comparing the IR spectrum of NMA

in CClh with that of é-valerolactam, have presented evidence to indicate

that NMA forms more than one associated species in non-polar solvents.

N—r
H C// CH
2~\\b‘—--c// 2
H2 H,

§-valerolactanm
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The spectra of tpese two campounds in the N-H stretphing region are
simil;r except for several distinctions apparently attributable to
different configurations of the amide group.

While the w&veiength.of the free N-H peak (2.88p) of NMA is constant
over a range of congentrations and temperatures, that of the peak dué to
association first appearing at 2.9Ty (low concentration or high te&ﬁérature).'
is shifted to 3.03y as the concentration is raised or the temperature
lowered. For é-valerolactam neitﬁer the free N-H stretch (2.92y) nor
the associated peak (3.11y) is concentration or temperature dependent.
The shift in the associated band of NMA indicates that more than one
associated species is present. On the other hand, the absence of this
shift in the spectrum of S-valerolactam point; to the existence of only
one associated species for this molecule: . This is to be expécted
because the cis configuration of the molecule favors the formation of
cyclic diﬁers. Both compounds have an additional associated peak at
about 3.23u.

Klotz and Frénzenhl used the first overtone of the N-H stretching
vibration (1.47y) to study the self-association of NMA in carbon tetra-
chloride, dioxane, and water. The measurements gave the concentration
of the free N-H groups as a function of total concentration, and the
resulting deta were analyzed on the assumption of & monomer-oligomer
equilibrium. Without placing any restrictions on the successive equili-

brium constants, K12’ K23, «s+y the dimerization constant K12 was ob-

tained from
lin (72 cl)”Ha
a0 f
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where Cf = concentration of free N-H groups (the measured quantity),

o= Cb/Ct’ Ct = total concentration of NMA residues, and C. = con-

b
centration of bound N-H=(Ct - Cf). The value of K12 was compared with

that obtained from a second method based on the assumption that K12 <

K Kn' To permit calculation of thermodynamic quantities,

23 = Ky -
the measurements were conducted at both 25 and 60°C. Results at 25°C

are summarized below.

Solvent K,,, l/mole AF°, Kcal/mole AH?, Kcal/mole AS®, gibbs/mole

cc1y, 4.7 (5.8) -0.92 4.2 -11
Dioxane 0.52 (0.58) 0.39 -0.8 -4
Water 0.005 (0.005) 3.1 : 0.0 -10

The values in parentheses were obtained by the second method of data
analysis. No values were given for Kn'

It can be seen from the values of K12 that NMA associates
much more strongly in carbon tetrachloride than in dioxane or water.

The fact that solvents of increasing dielectric inhibif the self-agsocia-
tion of NMA is also supported by an earlier work of Klotz and Franzenhg
in which they studied the relative extent of association of the amide in
wvater and CClh. Although appreciable association was noted at 1.01
molar in CClh, the concentration had to be raised to 7 or 8 molar in
water before hydrogen-bonded species were observed.

La Planche gg.g;Pz used a nuclear magnetic resonance technique
to study the self-association of N-methyl-, N-isopropyl-, and N-t-
butylacetamide in solvents of varying dielectric constant (see Table 5).

The data for all three amideswere explained on the assumption of linear
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chain formstion with K, < Kyg = Ky, = «.. =K. The values of the

equilibrium constants determined for NMA in chloroform-d solution

were K., = 13.0 and K = 14.0 (mole fraction units) at room temperature.
Additional evidence for linear-chain formation in the éelf-associa—

tion of NMA has been given by the dipole-moment measurements of

Mizushima gg-gééa. It is well known that compounds forming cyclic
32

dimers upon self-association, such as carboxylic acidsso and lactams™ ,

show & decrease in molecular polarization as the concentration is
reised or the temperature lowered. This fact is readily explained by
the tendency towards cancellation of the dipoles of two molecules
associated in a cyclic dimer, ji.e., the two dipoles oppose each other
and thus tend to leave the species without net charge separation.

However, the effects of concentration and temperature on the
molecular polarization of NMA in CClh or dioxane are in the opposite
direction, i.e., the polarization increases as the concentration is
raised or the temperature lowered. This behavior can be explained by
the formation of linear chains in which the dipoles line up in the
same direction, producing & larger moment than in the monomer.

From a statistico-mechanical standpoint Sarolea—MathotSl hag
shown that two association constants, K12 and Kﬁ, would be expected

for self-association resulting in linear-chain formation. On the

basis of the "ideal associated solution" he derived the result that

S22
Kn P
where p is the number of possible orientations for the monocmer.

Because p 1is essentially greater than 1 it follows that K12 < Kn’
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as is actually observed for the great majofity of self-association
cases involving linear-chain formation. Although the result was

derived for the self-association of unhindered alcohols, it should
apply equally well to N-monésubstituxed amides because of the same

type of association, i.e., that in which

A+A by
2
A, +A<A +1
. i i
Polypeptides and Proteins. These molecules have been extensively
10,2,11,52,53

reviewed elsevhere and vill be discussed only briefly here.

The solution to the problem of pol&peptide and protein configura-
tion stems largely from imporvements in X-ray techniques, along with
data analysis by high-speed computing equipment. Whereas earlier
researchers had to rely on the computation of atomic coordinates
from two-dimensional electron density maps, modern methods have mede
possible the calculation of three-dimensional distributions of electron
density, ailowing.the location of practically all atoms‘except perhaps
the hydrogen atom. 4

Much of the credit belongs to Pauling and workers, who postulated
the fundamental dimensions of the amide group in polypeptides and
proteins from a consideration of the structures of a large number of
simple amide-containing molecules, such as those discussed previously.
These dimensions are given in Table 1.

The collection of data on the amide group stimulated a number of
workers to propose configurations for polypeptide chains. The most
successful configuration,.the a-helix, was propoéed by Pauling, Corey,

54,55

and Branson . This structure satisfies all postulated requirements
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including the principle of closest packing, planarity of the amide
group, and N-H--O0 hydrogen bonds by all of the N-H and_C=0 groups.
Although otﬁer structures have been proposed the a-helix appears to
_be the most widely occurring polypeptide configuration in proteins.

A disgrammatic representation of the a-helix is shown in Fig.l.
If the helical structure were unwound and laid flat on a plane surface
it would have an appearance similar to the schepatic diagram shown in
Fig. 1(a). This projection clearly shows the N-H--O hydrogen bonds
Joining adjacent turns together in l2-membered rings. Fig. 1(b) shows

the structure wound in helical form.
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Figure 1. The a-helix. a) Projectioﬁ onto a plane
perpendicular to the helical axis [from Proc. Nat. Acad. Sci.
U.S. 37 (1951) 235]; b) Helical configuration.
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The q-helix has about 3.6 amide residues per turn and 13 atoms
in a ring formed by starting at any given N-H and continuing around
the helix until the C=0 group situated abéve the N-H aﬁd hydrogen
bonded to it is reached. Thé thirteen atoms are merked in Fig. 1.

56

In the nomenclature of Bragg, Kendrew, and Perutz® this configuration
is given the symbol 3.613.

Although the a-helix was largely a hypothetical structure when
proposed almost 15 years ago, it now has much support as a fundemental
building block of proteins. For example, in the crystalline form of
the globular protein myoglobin, it has been dgtermined that 75 per cent
of the amino acid residues are present in u-helice853. The structure
caﬁnot, however, be used to explain the entire configuration of a protein
molecule because only the polyamide backbone is actually involved in
the helix; side chain interactions must be accounted for by other
structures.

SUMMARY AND CONCLUSIONS

The evidence presented indicated that amides exist in a coplanar

or almost coplanar configuration in which the CO-N group has the

resonance structure -62N< > -ég§<. The main evidence for the latter
conclusion is derived from x-ray, microwave, and electron-diffraction
studies, which show that the CO-N bond length is significantly shorter
than that found in non-resonant molecules. The more recent x-ray and
microwave investigations indicate that the amide structure does not
exist in a'tfuly coplanar configuration but instead iﬁ a slightly

pyremidel shape similar to that found in the ammonia molecule.
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The almost copla.pa.r configuration of amides appears to be quite
stable at room temperatures and is not disrupted by changes in state.
Only at higher temperatures, e.g., above 50°C for N,N-dimethylacetamide,-
does rotation about the CO-N bond occur.

N-monosubstituted amides are found almost exclusively in a trans
configuration. The only evidence contrary to this fact is presented
by infrared studies in which it has been shown that N-methylformemide
may exist in the cis configuration in the vapor phase.

Unsubstituted amides self—e.ssocia;be in nonpolar solutions to form
chiefly ‘dimers and trimers. Although the enthalpy of formation is very
limited, the available data point to the existence of cyclic species.

From a consideration of structure, cyclic species would be expected
in the self-association of unsubstituted amides because of the existence
of & proton of the NH2 group cis to the oxyéen of the carbonyl group.

For example, the propionamide dimer probably exists as

—

7

N-monosubstituted amides, on the other hand, self-associate in

02H

0

te-—--

nonpolar solutions primarily to form linear chains with K_12 < K23 = K3h =
ces = Kn' The only apparent exception cited is found in the case of
N-methyltrichloroacetamide in which cyclic dimers are formed, as evidenced

from an exceptionally large enthalpy of dimerization.
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From structural considerations linear-chaiﬁ formation wbuld be
expected for N-monosubstituted amides because of the existence of the
proton of the NHR group trans to the oxygen of the carbonyl group.

It is evident that such & structure would not readily lead to the
formation of cyclic species.’ '

The self-association of N-methylacetamide in nonpolar solutions

can probably best be represented by

CH \c3=o---n— N/

\<3:=o--ﬁ—m CH,
mep—v \cn

iy

in which only one hydrogen bond exists between adjacent molecules.



CHAPTER III

EXPERIMENTAL

MATERIALS : o

.N-methy;aceﬁamide. The compound purchased from K & K Laboratories,
Jamaica, New York was first purified by vecuum distillation at 110
mn B3y and 144°C. The distillate was then further purified through
fractional crystallization. Starting at‘28.0°C the compound was
successively recrystallized at increasing temperatures until the melting
point was raised to 30.5°C. Ten or more hours werg'required for each
recrystallization. The.purified NMA was then stored in a flask equipped
with a P205 drying tube at a temperature of 30.4°C. Before use, any
liquid present was removed.

A Kjeldehl analysis performed on the purified NMA indicated the
presence of 19.1% nitrogen. By comparison with the theoretical 19.14%,

the compound was calculated to be 99% pure N-methylacetamide.

Carbon tétrachloride. Fisher Certified Reagent CClh was first
refluxed with mercury from 12 to 24 hours to remove any sulfides present.
Next, the compound was distilled in a 30-plate Oldershaw column at a
reflux ratio of 10:1. Only the middle third of the distillate was
saved, the first and last thirds being discarded. The boiling point of

the middle fraction corrected to 1 atm. pressure was T7°C. Before the

Ll
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purified CClh was used, it was extracted 5 times with distilled water

to remove residual, water-soluble impurities.

Naphthalene and benzoic acid. Baker & Ademson and Fisher reagent

grades, respectively, were used without further purification.
APPARATUS

Liquid-vapor equilibrium still. The apparatus is shown in Fig. 1.

The still is designed to operate at reduced pressures, permittiné data
to be obtained at temperatures below the normal boiling point of the
solvent. The pressure is maintained at reduced values with a cépiliary-
bleeder manostat. The vapor trap is designed to force the distillate
down through the center and up along the sides of the trap before its
return to the pot. This feature allows rapid equilibration between
liquid and vapor phases.

To operate the apparatus a dilute solution of NMA jin CClh is
placed in the pot and distilled at the desired pressure and temperature
for 15 minutes. Then samples are withdrawn from both phases and analyzed
for concentrations. The analysis is conducted with a Beckman DK-~1
spectrophotometer and a standard absorbance curve plotted in the 3
region.

Molecular weight-measﬁrement apparatus. The device, shown in

Fig. 2, consists of solvent and solution chambers separated by a sulfuric
acid manometer. The chambers are equipped with sintered-glass disks
sealed with mercury62. These seals have a twofold function: (1) they

act as one-way valves allowing air and solvent vapors to be removed from

the system, and (2) they permit the introduction of solvent and solution
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into the respective sides of the sys#em. To ihtroduce a liquid
through the seal it is only necessary to place the tip of the pipette
containing the liquid down through the mercury until the sintered
glass disk is touched. Then the liquid will run through the disk
and into the chamber. It should be noted thet the mercury will not
run through the disk even though the system is evacusted. The use of
these seals eliminated the need for greased joints and stopcocks,
vhich might cause contamination.

Because the solvent and solution vapor pressures are very sensitive
to slight variations in temperature, the apparatus has to be immersed
in a water Sath having a temperature fluctuation ofAno more than about
0.001°C. This control can be maintained through the use of a thermo-
stated double water bath in which the temperature of the inner bath is
control}ed entirely by heat transfer to the outer bath.

An obviously critical factor in the operation of the apparatus is
the removal of air from both sides of the system. No .problem is en-
countered in degassing the vapor phases, but the removal of air from
the liquids proves to be more difficult. The process is facilitated
by egitation with magnetic stirring bars and a reciprocating magnet,
although the method is not very efficient. Probably the results would
be improved if chambers large enough to incorporate rotating stirring
bars were used.

Sulfuric acid is used as the manometer liquid instead of mercury
because its lower density permits a greater change in the heights of
the manometer columns for a given pressure differential. Its use

appears to be satisfactory at 20°C., but at 40°C. some kind of a reaction
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with the NMA occurs resulting in the precipitation of small, white
crystals Just below the surface of the solution. The nature of these
crystals is unknown.

To operate the apparatus the manometer is filled to the proper
level with sulfuric acid and sealed with mercury as shown in the figure.
Next, a small amount of mercury is poured over each sintered-glass
disk and the entire system is evacliated with 2 vacuum manifold. After
the apparatus ié evacuated as well as possible, pressure is established
on both sides. of the system by introducing very small amounts of pure
solvent on first one side and then the other until the saturation value
is reached. The solvent can be easily introduced with a micropipette
made from the capillary of & broken thermometer. After the magnetic
stirrers are started, the solvent and solution are introduced into
their respective chambers. The system must now be evacuated further
to remove air dissolved in the two liquids. After a sufficient number
of evacuations all dissolved gases will be removed and the mancmeter
will show a pressure differential which changes only slightly upon
further evacuation. This residual change is caused by solvent being
removed from the solution, resulting in an increased concentration of
NMA and a decrease in vapor pressure of the solution. The volume of
the solution is measured by reading the graduated marks on the solution

tube.

Coulometric water analyzer. The circuit diagram and cell design

are shown in Figs. 3 and 4, respectively. The end point is determined
by measuring the resistance of the solution with a simple Wheatstone

bridge. A Sargent Model IV Coulometric Current Source, capable of
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delivering 4.82 to 193 ma, supplies the current to the generator
electrodes. The titration cell consists essentially of a 250 ml
flask equipped with platinum indicator and generator electrodes. The
latter are separated by a medium porosity sintered-glass bubbler.

The recipe for the Karl Fischer reagent (KFR) is essentially thel
same as that used by Meyer and BodeT. Forty-five grams of iodine are .
dissolved in 350 ml of absolute methyl,alcohbl and then mixed with 213
ml of pyridine. The resulting solutibn is cooled in an ice bath.
While the solution is being cooled, 16‘ml of 'sulfur dioxide are liquified
in a er ice-acetone bath. The liquified 802 is now added slowly and
with mﬁch agitation to the cooled solution. The finished reagent
is allowed to stand 2 hours before use.

To put the apparatus into operation the cleen, dry cell is first
blown out with a stream of dry nitrogen for 1 minute to remove oxygen
and residual moisture. The presence of & relatively high oxygen con-
centration apparently causes the oxidation of iodide to iodine. Next,
100 m1 of KFR are added and the megnetic stirrer started. Because
the resistance of the solution is sensitive to the rate of stirring,
the magnetic stirrer must be able to maintein a constant speed during
the titration. The solution is now brought to an end point (color
will change from amber to yellow) by the addition of methanol contain-
ing 2 to 5 drops of water per 50 ml. If the end point is passed more
KFR is added. The final color of the ené point should be élightly
orange. The liquid level in the cell should now be slightly below

the top of the sintered-glass bubbler.
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Next, the galvanometer light is plugged in and the batter& connected
into the end point-detector circuit. The galvanometer should now indicate
an end point. If the light beam is not in the center of the scale
more methanol or KFR is added dropwise until the end point'is reached.
The final adjustment may be made by coulometric titration.

The apparatus is next ;hecked for end-point drift. If the end
point is drifting to the dry side the cell is blown out with nitrogen
for 10 seconds. Drift in the opposite direction is corrected.by allow-
ing the solution to stir until the end point becomes steady. Before
a sample is introduced, the end-point should not be drifting moré than
1 scale unit in 3 minutes.

A preliminary run is then made on a saﬁple to obtain the approximate
number of microequivalents of water present. The sample size and current
setting are chosen to allow the titration to be completed in 5 minutes
or less. Usually 1 or 2 ml samples are sufficient. As the sample is
introduced the light beam will move rapidly to the wet side. The sample
is then titrated coulometrically until the beam returns to the original
position. The approximate number of microequivalents may now be cal-
culated.

Next, the end point is readjusted to set the sensitivity (ueq./
scale unit) equal to 1% of the approximate number of microequivalents
present in a sagple. ‘This is accomplished by adding water in methenol
solution or KFR (which can be generated coulometrically) and correcting
the light beam to the center of the scale by altering the variable
resistaqce in the Wheatstone bridge. For example, suppose the approxi-

mate number of microequivalents is 60. The sensitivity should then be
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set equal to 0.6u eq./scale unit. It should be noted that the sensitivity
becomes less as the end point is shifted to the dryAside.

The end point is again checked for drift and corrected if necessary.
Then the sample is introduced and titrated. More precise results are
obtained if several samples are run and an aversge taken. Ordinarily,
the reagent does not have to be replaced until the volume of liquid
reaches the side arm of the flask.

Total pressure apparatus. The device, shown in Fig. 5, consists
essentially of & sintered-galss disk, a flask attached with a ball
Joint, and a manometer assembly. The sintered-glassed disk permits
the introduction of water to the system and acts as a one-way valve
for evacuation62. The ball joint is sealed with mercury and requires
no grease. The seal consists of a glass cup-rubber stopper assembly
held in place with springs attached to the flask. The open bottom
of the cup is ground to fit the top of the socket. This prevents
mercury from running out of the seal. The side pocket attached above
the sintered-glass disk serves as a receiver for the mercury above
the disk. It is desirable, during long periods of evacuation, to have
the mercury removed from the surface of the disk to prevent the forma-
tion of scum and consequent clogging. To seal the disk after evacua-
tion it is only necessary to tilt the apparatus to the side causing
the mercury to run out of the pocket onto the disk.

In the operation of the epparatus, about a milliliter of mercury
is first added above the disk (enough to Just fill‘the side pocket)
and the manometer assembly together with the rubber stopper, glass cup,

and springs are weighed to the nearest tenth of a gram. The flask is
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also weighed to the same accuracy and then filled with the solution of
NMA in CClh. The apparatus is now assembled with a weighed amount of
mercury in the glass cup.

The apperatus is next connected to a water aspirator and placed
in a constant temperature bath over a megnetic stirrer. After check-
ing to see if the mercury above the sintered-glass disk is contained
in the‘side pocket, the magnetic stirrer is started and the system
evacuated. The evacuation is allowed to continue until the pressure
is reduced to approximately the vapor pressure of pure CClu, showing
that most of the dissolved air and water vapor have been removed.

The apparatus is now tilted to the side, causing the mercury to run
out of the side pocket onto the sintered-glass disk, and the vacuum
line is disconnected. After about 5 minutes the pressure is read with
a cathetometer. If the observed value is greaster than that for pure
CClh (it may be less because of the vapor pressure-lowering effect

of the solute) the system is not completely degassed and further
evacuation is required.

After all dissolved gases have been removed, as shown by the
pressure, the spparatus is removed from the water bath, dried by
blotting vifh paper towels,and weighed to the nearest tenth of a gram.
The total weight of the apparatus minus the weight of the manometer
assembly, cup, mercury, and flask is equal to the weight of the solu-
tion. Thus, the volume of the solution may be calculated and, con-
sequently, the concentration of the NMA.

After the apparatus is again placed in the constant temperature

bath, & few milligrams of water are added with a micropipette. The
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tip of the pipette is inserted through the mercury until it touches
the sintered-glass disk; §he delivery is then made and the tip with-
drawn. The amount of water added can be accurately measured by weigh-
ing the pipette before and after delivery. To facilitate getting the
water into the CClh the apparatus is raised until the sintered-glass
disk is above the water level, and the region around the disk is heated
until the moisture is driven down along the neck.

| The apparatus is lowered into the water bath again and allowed
to equilibrate. After equilibrium has been attained (ordinarily about
two hours are required) the total pressure of the system is measured.
The difference between this and the pressure of the dry solution gives
the partial pressure of the waterf This value divided by the satura-
tion pressure gives the activity of the water in solution. The con-
centration of the water is obtained by subtracting the amount of water
in the vapor phase (calculated from the partial pressure and the previously
determined volume in the vapor phase) from the amount of water added to |

the system. By adding further quantities of water, the total water

concentration vs. water activity for a given NMA concentration is obtained.



CHAPTER IV
RESULTS AND DISCUSSION
SELF-ASSOCIATION STUDIES

Theory. If we assume that only two self-é.ssocie.tion constants
-- one for dimerization and one for the formation of species containing

3 or more monomers -- are needed to explain the formation of linear

chains, we can write

(A.]
> A
Ay + A <A Ka‘[A]e
1
AL +A <A K = 4]
2 1 3 n IA2][A1]
' ()
An-l * Al * An Kn = |An_l||Al|

Thus, for the formal or total concentration of the amide

[alt = [A1] + 2[A2] + 3[A3] + ...
= [a]+ 2K2[Al]2 + 3K2Kn[Al]3 + uxaxne[al]h ...
or [alt = [a] + K[a1%(2 + 3K [A)] + bix (A 1% 4 L L L)

If we let f(x) =2+ 3x + hxa + ...

It can be shown that
‘ 2 - x

£(x) =
* (1 - x)?

58
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| Thus 2 - Kn[Al]

2+ 3K [A]+ KA+, ..
(1 - Kn[A1])2 n 1l n- 1l

| K, [A.1%(2 - X_[A.])
Or [Alt = [A,] + 2 1 = 1 (4.1)
(1 - (a])

Similarly, if the effective concentration of amide is represented by

[Ale

[4,] + [A2] + [A3] ...

]

(4] + 1(2[1&.1]2 + szn[Al]3 ..

by the same methematical procedure, we can obtain

KZ[AI]2

[A]e = [Al] + mT (’4.2)
n-1

This equation is the same as that derived by Davies and Thomasa3.

Liguid-vapor equilibrium data. For dilute solutions the partial

pressure of the amide is given by

Pp, =P, - X, =P

A- "t T " c01h'X

A
where Pt is the total pressure and XA is the mole fraction of the amide
in the vapor phase. With the use of Henry's law, the concentration of
the amide moncmer in the liquid phase can be expressed by

[A,J=P,/x (4.3)
where k 1is the Henry's law constant. After k is evaluated from the
initial slope of a plot of PA vs. [A]t in the liquid phase, the equation
can be used to calculate monomer concentrations at any value of the
partial pressure. If the monomer concentrations are calculated as a

function of total amide concentration, the values can be inserted into

eq. (4.1) to obtain the values of the constants K2 and Kn'
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The liquid-vapor equilibrium data for the self-association of NMA
in CC1) at 60 and 75°C are given in Table 6 and shown in Fig. 6. With
the aid of a computer method for least squares analysis developed by
Christian and co—workerssa, the best values of the constants K2 and Kn'
were found to be 2.7 + 0.7 and 14.3 + 1.5 1./mole, respectively, at 60°C.
At T5°C, the values were determined to be 1.5 # 0.4 and 13.8 + 1.1 1./mole.
For both sets of daca the Henry's law constants were evaluated by extra-

polating the graphs to zero concentration.

Data from molecular weight-measurement apparatus. The measure~

ment of the vapor pressure-lowering effect caused by the presence of
a solute in solution gives essentially the effective number of moles
of solute, ne. The relationship between the pressure differential and

ne is given by the equation

<

- AP 8
s Xy
8 m

where Pg is the vapor pressure of the pure solvent, Vs is the volume
of the solution, vm is the molar volume of the solvent, and AP is the
difference in the vapor pressure of the pure solvent and the solution.

For carbon tetrachloride as the solvent at 20°C and with Hasoh as the

manometer liquid, the equation becomes

- . . 1D Moles
ne = 4P - V_ - 1.540 x 10 © 2=

By dividing both sides of the equation with Vs, we obtain the expression

for the effective concentration:

- moles
[Ale = 0.0154 Ap 22225 (b.4)
If the effective concentration is calculated as a function of the total

concentration, the average molecular weight of the solute can be
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TABLE 6

SELF-ASSOCIATION OF NMA IN CCl, AT 60 AND T5°C
LIQUID-VAPOR EQUILIBRIUM DATA.

[NMA]t in liq. phase (mole/1) P of NMA (mm Hg)
60°C
0.0098 0.108
0.015 0.158
0.023 0.26
0.039 0.33
0.0L48 0.39
0.065 0.43
0.089 0.47
0.11k 0.55
75°C
0.0093 0.15
0.020 0.35
0.033 0.48
0.037 0.53
0.049 0.64
0.069 ’ 0.71
0.100 0.86

0.13 0.70
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obtained from

M= My

where Mm is the monomer weight of the solute.

Ak (4.5)

Before proceeding with the molecular weight measurements on
solutions of NMA the apparstus was tested by measuring the molecular
weights of naphthalene and benzoic acid in CClh solutions. The results
of the experiments with naphthalene are given in Table 7. The measure-
ments were made at 20°C with concentrations up to 0.0541 mole/l. From
the Table it is seen that the average measured value of the molecular
weight is 134 + L as compared to a true molecular weight of 128.16.

The data from the molecular weight-measurgments of benzoic acid
in CClh at 20°C are given in Table 8. Note that the average measured
moleculer weight of 245 + 3 is twice the value of the true molecular
weight (122.12). The doubling of the molecular weight is to be expected
because benzoic acid is known to exist predominantly as dimers in non-
polar solutions.

The molecular-weight measurement data fcr the self-association of
NMA in CCl) at 20°C is given in Table 9 and plotted in Figs. 7 and 8.
The oiserved pressure differentials were not used in the direct calcula-
tion of molecular weights and association constants because of an
apparent need to éorrect the values for the partial pressure of NMA
above the solution. Without the corrections the pressure differentials
would appear to be too small and cause the calculated molecular weights
and association constants to be too large.

The need to correct the pressure differentials became apparent from

the extrapolation of the Henry's law constant (k) obtained at 60 or T5°C
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TABLE T

MOLECULAR WEIGHT OF NAPHTHALENE IN CC1, AT 20°C
MOLECULAR WETGHT-MEASUREMENT DATA WITH H,SO, AS AS YHE MANOMETER LIQUID
TRUE MOLECULAR WEIGH@ =128

[cmnalt mole/1 4P mm H_SO, Mol. Wt.

Experiment No. 1

0.0295 1.75 1%0
0.0299 1.80 | 137
0.0308 1.83 140
0.0310 1.93 134
0.0387 2.32 137
0.0387 2.146 131
0.05k1 3.49 128

Experiment No. 2

0.0379 2.41 131
0.0388 2.43 133
0.0399 2.59 128
0.0408 2.58 131

Experiment No. 3

0.0Lk4Y 2.7h 135
0.0L448 2.75 136
av. 13%

t h

(4]
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TABLE 8

MOLECULAR WEIGHT OF BENZOIC ACID IN CC1, AT 20°C
MOLECULAR WEIGHT-MEASUREMENT DATA WITH H SO, AS THE MANOMETER LIQUID
MOLECULAR WEIGHT OF DIMER = 2Lk.

[csn;coo§}£~(ﬁ91e/1) &P (xm Hasoh) Mol. Wt.

0.102 3.34 243
0.104 .3:ho 22
0.107 - 3,46 2Ls
0.188 6.21 2ko
0.191 6.21 245
0.199 6.1 2k6
0.202 6.55 248
0.211 6.67 _2o51
av. 245

c = 33
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TABLE 9

SELF-ASSOCIATION OF NMA IN CCl, AT 20°C
MOLECULAR WEIGHT-MEASUREMENT DATA WITH EQSBh AS MANOMETER LIQUID.

[méA], (mole/1) &P,  (mm H,SO)) M*

0.0104 0.43 76

0.0170 0.57 97
0.0182 0.64 106
0.0238 0.78 104
0.0263 0.70 126
0.0271 . 0.70 130
0.0276 0.75 125
0.0u4T5 . 0.9% 178
0.0479 0.94 180
0.0493 0.95 183
0.111 1.19 3k
0.111 1.16 348
0.113 1.34 315
0.159 1.56 390
0.165 -1.65 387
0.165 1.49 k22
0.167 1..48 428
0.167 1.73 377
0.17k 1.51 440

0.175 1.7k ' 393
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TABLE 9...continued

[maa], (mole/1) 4P, (mm H,SO,)  M®

0.176 1.59 426
0.177 1.73 397
0.177 1.80 385
0.215 1.73 | 485
0.219 1.76 487
0.222 1.79 486

*M was calculated with 'corrected ;pressure differentials.
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from the liqﬁid—vapor equilibrium data to the temperature at which the
molecular-weight measurements were taken (20°C). With k = 11.7 + 1.5
mn Hg 1/mole at 60°C and 17.2 + 1.5 mm Hg 1/mole at 75°C, an enthelpy
of vaporization of NMA at infinite dilution was calculated from the
'Clausiuerlapeyron equetion to be 5.9 + 2.4 Keal/mole. The value of k
at 20°C was then calculated to be 3.5 + 1.8 mm Hg 1/mole or, for sulfuric
acid as the manometer liquid, 26 * 13 mm H,SO) 1l/mole.

The large error in the Henry's law constant at 20°C naturally
introduces large uncertainties in the megnitudes of the corrections
to be applied to the pressure differentials. Witﬁ a value of k equal

to 26 mm B,80, 1/mole it can be shown that the magnitudes of the

corrections will be approximately 30% of the uncorrected pressure
differentials. Thus, with an error in k of 1_50%, the error in‘the
corrected pressure differentials will be + 50 x 30% = 15%. No attempt

was made to apply corrections calculated with values of k other than

26.
Taking the vapor-pressure correction PA into account, the observed
pressure differential can be expressed as
APobs = AP - PA
Substitution for P, from eq. (4.3) and for AP from eq. (L4.4) gives

A

_ _lAje
APobs = 5.015% - k[Al]

If [Ale is replaced by the expression in eq. (4.2) we obtain

1 Kpla, 1°
APobs = g—orar ([A}] + T-X_&] ) - k[a]
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This equation can be solved to give

1 + 0.0154 K_APobs - 0.0L5kk
(a1 = 2(K_ - K, - 0.0150KK )

- “k0.0lBhk - 0°OlShK£APobs - l)2 - h(Kn - K2 - 0.015thh)0.015hAPobs

2(Kh - K2 - 0.0lSHkKn)

Using the experimental values of the pressure differentials (APobs),

the extrépolated velue of k (26), plus approximete values of K. and K

2
(3.5 and 47, respectively), we can solve the eguation for the approximate
values of [Al]' These values can then be inserted in eq. (4.1) to
obtain calculated values of [A]t. By altering the values of K2 and Kn’
a minimum in the sum of the squares of the differences in the experimental
and calculated values of [A]t can be found. The values of K2 and Kn thus
obtained are used to obtain new monomer concentrations, whereupon the
entire process is repeated until the best values 6f the constants are
found. With the aid of a computer program -similar to that developed
for the liquid~vapor equilibrium data, thé best values of the constants
were found to be K, = 9.0 + 2.8 and K_ = 61.6 + 5.7 1/mole at 20°C.
The value of K, is in fair sgreement with that of 4.7 to 5.8 1/mole at
25°C reported by Klotz and Franzenhl. No value was given for Kn.

By combining the self-association constants obtained at 20°C
from the molecular-weight measurements with those obtained at 60 and
75°C from the liquid-vapor equilibrium data, enthalpies of association
for K2 and Kn were calculated. With K2 = 2.7 at 60°C and 9.0 at 20°C

AR (Ké) was calculated to be -5.8 Kcal/mole. At T75°C K. was found to

2
be 1.5. This value, when combined with that at 20°C gave a AH (Ka)

equal to -6.6 Kcal/mole. Thus, the average value of AH (K2) was
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calculated to be -6.2 Kcal/mole. According to Klotz and Franzen the
value should be -4.2 Keal/mole.

Similarly, for K = 1k.3 at 60°C end 61.6 at 20°C, aH (Kn) vas
found to be -T.1 Kcal/mole. At T5°C Kn was calculated to be 13.8.
ﬁhen combined with the K obtained at 20°C, this value gave a AH (Kn)
of -5.5 Kcal/mole. Consequently, the average value of AH (Kn) was
found to be -6.3 Kcal/mole. No valﬁe for the enthalpy change was

reported by Klotz and Franzen.
HYDRATION STUDIES

Theory. Because N-methylacetamide self-associates to form chains
containing a number of monomeric units, it is reasonable to assume
that each chain contains multiple sites for Fhe attachment of water
molecules. Based on this assumption, an equation can be derived that
adequately explains the relationship between total amide concentration,
total water concentration, and water monomer concentration in solution.

Suppose we consider a chain having only one hydration site.. The
equilibrium in terms of the forward and reverse hydration reactions

can be represented as follows:

)

Y

L 11

\ f 11
\ + W Pam— K = rf
{ 11 11 11
! r r

\ r r
\

% x Xw

vhere X is the hydration site on the chain, rfllis the rate constant

for the forward reaction, and rrllis the constant for the reverse

reaction.
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For the attachment of one water molecule to a chain having two

independent sites, the equilibrium would be

r el 21
2 f rf
) W Ky =3
Y r r
; r r
‘ 11
5 _ 2rf
11
r
! r
) X X
’
X W =2k,
; |

and, in general, for the attachment of one water molecule to a chain

having n independent sites, we have

/
ﬁX 2'Ir

nl .
) f nl
. —_— Te
( W o Koy al
{. Ty | Tr
i I
P, K ar 11
. ,} = T
X X 11
: ) T
; \ r
2X { XW
4
{ =
1X XW nKll
To attach a second water molecule to a chain having n sites
. r n2
o f : n2
. re
5. + W — . K, =
n2 n2
) r n2 .
§ . r .
11
). . _ (n—l)rf
S ' 11
\

X
: X ixw (n-1) K
" XW Xw 2

; 11
) )




and to bind a third water

) L] r
f R rfn3
' W n3 ' Kn3 = n3
r T
r r
° . . - ( n-2 )rfll
11
X XW 3rr
‘XW Xw
{ ~ _ {n-2) K
wa XW =73 11

Thus, by generalizing we can.say that if n is the number of independent

hydration sites and v is the number of attached water molecules in the
product of the reaction,
h-uv+1

nv = v Kll

By using this equation we can derive a general equation for the
concentration of the species AnWU in terms of the concentration of the
water monomer and the concentration of An. For the reaction

—_—
AW - + W +— AW
nv-) nv

the equilibrium constant can be expressed by

[Anwu]
K =
nv  [A W - TIW]

nwull

_ n-vuv+1l
- v Ky

Therefore,

[Anwu] =25 3 = Kll[W][Anwuill

Similarly, for the reaction

AW + We——AW
n v-2 n uv-1l
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we can write

Aw -]

K _ _nu-l
oy =
n(v-1) IAnWU_2[|W|
_n-(uv-1) + 1
- v=-1 K1
Thus,
_n=(uv-1) +1 .
[Anwu-l] - (u-1) kn [w] [Anwu-2]
Consequently, .
n-vu+l . n-(v1l)+1 2
[Anwu] - v v-1 (Kll[w]) [Anwu-2]

By repeating the procedure for [Anwu-Z]’ etc. it can be shown that

aw ) = {pmelllo=wtd)on o [y)2, )
or (80,1 = =t (K, [WD)V[A )

Thus for any n and v, the concentration of the species [Anwu] can

be written as a function of K [W], and [An]'

11°
Using the above result we can derive a general equation for the
total concentration of water in solution. In terms of the water monomer
concentration and all possible hydrated species in solution the total
water concentration can be expressed as
[w]t = [W] + [AW] + [A2W] + [A3W] + ...
+ 2[A2W2] + 2[A3W2] + 2[AhW2] + ...

+ 3[A3W3] + 3[AhW3] + 3[A5W3] + ..

+ ...
By substitution for the concentrations from the equation for [Anwu]’

we obtain



76

W], = (W) + K [W)[A)] + =20 K, [WD(A,D + ...
+ 255 (&, (WD2[a ) + 2523 (x, WD)P[a) + ...
+ 33— (VD3 + 3232 (kW3 +
+ ..

Or
W], = (W] + K, [WD([A,) + 2[a)] + ...)
+ (5, [WDP(L204,] + 2:3[4,0 + ...)
(k,,[WD)3
+,;K1_I1L_-a_" (1-2’3[A3] + 2~3-h[Ah] +...)
+ ...
Through the same procedure a similar equation for [A] 4 c8an be

derived. Let the total concentration of the amide be represented as

[aly = (a1 + 2[a,] + 3[A,] + ...
+ [AW] + 2[A2w] + 3[A3w] + ...
+ 2[A2w2] + 3[A3W2] + h[Ahwal + ...

+ LI BN 4
Using the equation for [A W 1,

(A1, = (a1 + 2A,) + 30a5) + ...
+ K WA ) + 2T2'i K, WA ) + 3%-2— K, IWIAS) + ...
+ 252 (VD] + 3523 (k) INDPIA,) +-...

+ * e
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Or

[l = [a;] + 2[a,] + 3080 + ...

+ K, W) (3 [a)+ 8 2[A]+§—"3[A]+...)
(x,, (V)2 |
K’-;, Gr " 2lag) + 3¢ '3[A] s3Lc )+

+ L ]
The equation expressing the relationship betwveen [W] " [A] s
[W] can now be derived through a combination of the equations for [A] &
and [W] 4+ Separate the series for (A] 4 into the two series:

[A]t = [A ]+ 2[A ]+ 3[A3] + ...

, Sl

Y

( [W])
Kll (1:2:3 [A] + 23k [4,] + 345 [A] + ...)

(1-2 [A2] + 23 [A3] + 34 [Ah] + ...)

w
5l

gy (W) )2
1!

([a;] + 2[a,] + 3[A3] +...)
(1-2 [A2] + 2°3 [A3] + 34 (4] + .0

+ LI

From the equation for [W] % it is seen that the first series is simply

Wi, - [¥)
xulwl
and- ~hat the second series is
W], - (W]
Therefore, '
W), - (W]

(al, = —xl—l'm— + W], - W]
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Or, by rearranging terms,

W],

Tt = 1+ K, (al, - W]+ (WD) (h.6)
Note that the equation does not contain tefms depending on the self-
association of the amide':. Also note that the original equations for

fw] 4 and [A] 4 limit the mumber ;:f attached water moleculss to the m_zm"b_er
of amide monomers in the chain. ' However, the possibility of having

more than one water per amide monomer cannot be ruled out without

deriving and testing the appropriate equations.

Data from constant water-activity equilibrators. Before the

coulometric Karl Fischer titrator was used to analyze samples from

the equilibrators, it was checked out by three different methods.

First, the water in 1 ml1 samples taken from a flask of CClh was titrated
reﬁeatedly with the current ranging from 4.82 to 193 ma. Any dependence
of the results on the currenf setting would have appeared as a varia-
tion in the number of microequivalents of water per sample. In fact,

as seen from .Table 10, no significant difference in the amount of water
wvas found from one sample to gnother.

As a second test of the apparatus the concentration of water in
samples taken from a flask of benzene was determined by the coulometric
Karl Fischer ;citra.tor, by a Beckman KF-3 Aquameter, and by a P265
moisture balance. From Table 11, it is seen that the concentration
of water found by the coulametric method is somewhat higher then that
found by the other two methods.

A third check of the apparatus was obtained by comparing the coulo-

metrically determined concentration of water in CClh vs. water activity
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TABLE 10

DETERMINATION OF WATER IN A SAMPLE OF CCl, BY COULOMETRIC KARL FISCHER
TITRATION. TEST FOR DEPENDENCE OF ULTS ON CURRENT MAGNITUDE.

Timer Current Multiplier Microequivalents
of Hao
STl b 4 0.02 = 11.h42
560 x 0.02 = 11.20
590 - x 0.02 = 11.80
570 x 0.02 = 11.40
1200 X 0.01 = 12.00
1100 b4 0.01 = 11.00
113 x 0.10 = 11.30
116 x 000 = 11.60
59 X 0.20 | = 11.80
2325 x 0.005 = 11.63
ave. 11.52

1 ml samples were used. c=1t0,31




TABLE 11
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DETERMINATION OF WATER IN A SAMPLE OF BENZENE

A COMPARISON OF RESULTS OBTAINED FROM COULOMETRIC KARL FISCHER TITRATOR
WITH THOSE FROM BECKMAN KF-3 AQUAMETER AND P,O. MOISTURE BALANCE.

275

METHOD

[8,0]

Coulometric Karl
Fischer titrator

0.0180 mole/1
(2.00 m1 samples)

Aquameter standardized
against sodium tartrate
dihydrate .

0.0161 mole/l
(25.00 m1 seamples)

P20 5 moisture

balance

0.0175 mole/l
(10.00 m1 samples)
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(Table 12) with that determined by the total-pressure apparatus
(Table 13). As seen from Figs. 9 and 10, the Henry's law constant
at 25°C was found to be 0.0098 mole/l by the coulomet?ic method and
0.0088 mole/l by the total pressure-measurement technique. The latter
value is in excellent agreement with the value of 0.0087 mcle/l obtained
by Johnsqnsg (from solute-isopiestic techniqué) and by Clifford60
(transpiration technique). Thus, it appears that the coulometric
titré.tor gave values for the water concentrations about 10 to 12%
too high. However, the errors espparently did not have much affect
on the value oflthe hydration constant obtained by this method, as will
be seen below.

The date obtained from the constant water-activity equilibrators
consist of total water concentrations vs. total amide concentrations

at constant water activities. The experimental points can be used

to test the hydration theory if eq. (4.6) is put into the form

. Kll[W]

Wl = W] + T (Al (5.7)
Thus, a plot of total water concentration vs. total amide concentra-
‘tion at constant water monomer concentration or water activity should
produce a straight line. The data obtained at 25°C for activities of
0.69, 0.56, 0.47, and 0.31 are given in Table 14 and plofted in Figs.
11 and 12. The constant l%.l was found to be equal to 10.T +0.5 from
a least-squares analysis of the —da.ta. plotted for eq. (4.6), as shown
in Fig. 11. The water monomer concentrations required in the calcula-
tions were obtained from the equation

[W] = 0.0098 p/P°
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TABLE 12

CONCENTRATION OF WATER IN CClh VS. WATER ACTIVITY AT 25°C
DATA FROM CONSTANT WATER-ACTIVITY EQUILIBRATORS.

P/p° [H20] mole/1
0.31 . 0.00352
0.47 0.00455
0.47 : 0.00449
0.49 0.00L463
0.56 0.00552
0.69 0.00657
0.69 0.00669
0.69 . 0.0067T
0.88 0.008T7k4
0.89 0.00867
0.95 0.00989

1.00 0.0101
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TABLE 13

CONCENTRATION OF WATER IN CCl, VS. WATER ACTIVITY AT 25°C
DATA FROM TOTAL- SURE APPARATUS

P/p° [320] mole/l
0.112 0.00095
0.153 0.00130
0.2h2 0.00214
0.267 0.0022L
0.272 0.00233
0.372 0.00321
0.397 0.00351
0.503 0.00kk3
0.532 0.00453
0.53k 0.00L448
0.625 0.00541
0.659 0.00585
0.757 0.00681
0.767 0.00673
0.777 0.00679
0.862 0.00767
0.904 0.00825




8k

. 000 0060 0080 00l 0 0090 ooso  oovo 00£0 ooto oolo 0000,
1 1 ' ¥ AXIO)

SJO.F?J(.{!'!(IBE me.’.ov—.da.;?/v\ paejsuo)) wq_ad. efe(

D .St Je Q+\A|+9v A3CAA  SA ¥|DD Ul Jd}eM §° uoljedquaduo)
orno




0.0I‘DF
Qoizof- Concentration of Water 1n CCla vs, Water Achvt{'tj at 25°c
Data from Total- Pressure APParafus
o000+
—
Y .
2L v
Q i
£
0.0080}~
—
0
o
L, I
00060~ \e$
A ° Y(\0
52%% ¢
[0}
z 0:°
Q\»"(\ .
0.00401-
00020}
qu . O
a 1 { 1 \ | ! L 1 1 ]
0.100 0.200 . 0.300 0400 Qsoo Q600 O 700 0800 O 900
, P/p

‘cn



86
TABLE 14
HYDRATION OF NMA IN CCl, AT 25°C
DATA FROM CONSTANT WATER-ACTIVIT# EQUILIBRATORS
CONCENTRATION OF WATER VS. CONCENTRATION OF NMA AT CONSTANT WATER ACTIVITY.

Water monomer concentrations were taken from graph of concentration of
water in CClh vs. water-activity (constant water-activity equilibrators)

[w] = 0.0098 P/p°® mole/l

[w], (mole/1) [ma], (mole/1) [wWl /(W]  [WMA]-[W] +[W] (mole/1)

P/p°® = 0.31; [W] = 0.00304 mole/1

0.00352 0.0000 1.16 T e
0.00312 0.0108 1.025 0.0107
0.00420 0.0323 1.38 0.0312
0.00432 0.0538 1.k2 0.0529

P/p° = 0.47; [W] = 0.00460 mole/1

0.00455 0. 0000 0.99 e
0.00522 0.0160 1.1k 0.015k
0.00592 0.0285 1.29 0.0272
0.0066k4 0.0L406 1.hy 0.0386
0.00722 0.0534 1.57 0.0508
o.ooﬁhg 0.0000 0.98 e
0.00473 0.00466 1.03 0.00453
0.00515 0.0136 1.12 0.0130
'0.00579 0.030k4 1.26 0.0292
0.00687 0.0L497 1.k9 0.04TY
0.00570 0.0227 1.24 0.0216

0.00634 0.0367 1.38 0.0350
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TABLE 1k...continued

[W], (mole/1) [WMA]. (mole/1) (W], /[¥] (Al -[W] +[W] (mole/1)

P/p° = 0.56; [W] = 0.00548 mole/1

0.00552 0.0000 1.0 emee—-

0.00619 0.0108 1.13 .0101

0.00742 0.0323 1.35 .0304

0.0087T 0.0537 1.60 .050k

P/p® = 0.69; [W] = 0.00676 mole/l

0.00669 0.0000 0.99 .00007
0.00699 0.00698 1.03 .00675
0.00808 0.0172 1.20 .0159

0.00810 0.0b12 phase separation

0.00677 0.0000 1.00 eeeee-

0.00722 0.00509 1.07 00L463
0.00716 0.0100 1.06 0096

0.00761 0.0164 1.13 0156

0.00813 0.0204 1.20 0191




|.80
H‘J‘J"ah"”‘ of NMA In CCla aiasec
Data acr'om Constant Wai'er-Ac:I'nv.f.j Ecl_uulnbra.‘l'or-s
.70 = :
Determination of HtjArzd'«on Con standt
L6o
.50
m "
qmo
5
N
B
Il30 -
12 - .
(Mo, / (07 =1 + Ku([umale-H.0Te +[Ho1)
Lo K= 10.7% 0.5 }/mole
l.ooO
Flﬂ' I
0.90 L L 1 -} ! i 1

ENMA—_lt - EHlF)jt + L—HLO] N mo[es‘/l-

007200



The Henry's law constant .(0.0098) was evaluated from the data plotted

in Fig. 9.

Data from total-pressure apparatus. The experimental points from
the total-pressure apparatus consist of total water concentrations’
vs. water activities at constant amide concentrations. See Table 15.
To obtain the value of the hydration constant, a plot of the data
was made for eq. (4.6) as shown in Fig. 13. From the least-squares
computer progrem Kll was found to be 12.9 + 0.6 . The water monomer
concentrations used in the calculations were obtained from

[w] = 0.0088 p/P°
in which the Henry's law constant was evaluated from Fig. ld.
The original experimental data can be reproduced by plotting a

modified form of eq. (4.T), which is obtained as follows:

If Kll[w] <<1,
A~
Replacing [W] by 0.0088 P/P°,
. o .
[W],= 0.0088 (1 + K ,[Al,) P/P
Thus, a plot of [W]t vs. P/P° for constant [A]t should produce a straight

line. The graphs plotted with Kll = 12.9 are shown along with the

original data points in Figs. 14 through 18.
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TABLE 15

HYDRATION OF NMA IN CClh AT 25°C
DATA FROM TOTAL-PRESSURE APPARATUS
CONCENTRATION OF WATER VS. WATER ACTIVITY AT CONSTANT NMA CONCENTRATION

Water moncmer concentrations were taken from graph of concentration of
water in CClh vs. water-activity (total pressure apparatus)

(W] = 0.0088 P/p° mole/l

P/p° [W], mole/1 [W] mole/1  [W]./[W] [NMA]t-{w] +[W]
mole/ i
[NMA]t = 0.00943 mole/l
0.227 0.00186 0.00200 0.93 0.00957
0.32h4 0.00281 0.00280 1.00 0.00942
0.466 0.00421 0.00405 1.04 0.00927
0.559 0.00513 0.00493 1.04 0.00923
0.685 0.00655 0.00610 1.07 0.00898
0.760 0.00750 0.00680 1.10 0.00873
0.806 0.00894 0.00725 1.23ph.sep. 0.007T4
[NMA]. = 0.00929 mole/l
0.156 0.00138 0.00135 1.02 0.00926
0.391 0.0037T1 0.00342 1.09 0.00900
0.626 0.00603 0.00555 1.09 0.00881
0.781 0.00789 0.00700 1.13 0.00840
, [NMA]. = 0.00957 mole/l
0.277 0.00237 0.00240 0.99 0.00960

0.52. 0.00LTh - 0.00L457 1.04 0.00940
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TABLE 15 -- continued

P/p° [W]t mole/1 [W] mole/1 [W]t/[W] [M]t-[W]t+[W]
mcle/l
0.752 0.00712 0.00673 1.09 0.00918
0.807 0.0095T 0.00725 1.32ph.sep. 0.00725

[mda], = 0.00989 mole/l
0.126 0.00122 0.00110 1.11 0.0097T
0.261 0.002k4 0.00227 1.09 0.00972
0.37h4 0.00367 0.00325 1.13 0.0094T
0.1487 0.00489 0.00425 1.15 0.00925
0.592 0.00612 0.00522 1.17 0.00899
0.71k4 0.0073k 0.00635 1.16 0.00890
0.790 0.00859 0.00710 1.21 0. 00840
0.790 0.00987 0.00710 1.39ph.sep. 0.00712
- 0.82L 0.01240 0.00740 1.68ph.sep. 0.00489
LNMA]t = 0.01875 mole/1

0.148 0.00161 | 6.00130 1.2k 0.018kk
0.233 0.00260 0.00205 1.27 0.01820
0.355 0.00393 0.00310 1.27 0.01792
0.450 0.00502 0. 00350 1.29 0.01763
0.572 0.00650 0.00505 1.29 0.01730
0.648 0.00764 0.00575 1.33 0.01686
0.68k 0.00856 0.00610 1.40ph.sep. 0.01629
0.693 Q.01036 0.00615 1.68ph.sep. 0.01454
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TABLE 15 -- continued

P/p° (W], mole/1 W] mole/1 (wl,/[w] (], -[W] +[W]
moie/l

|NMA|l = 0.01965 mole/l

0.0859 0.000915 0.00075 1.22 0.01949
0.176 0.00185 0.00155 1.19 0.01935
0.313 0.003Tk 0.00270 1.39 0.01861
0.406 0.00469 0.00355 1.32 0.01851
0.531 0.00620 0.00470 1.32 0.01815
0.612 0.00722 0.00540 1.34 0.01783
0.676 0.00861 | 0.00600 1.4kkph.sep. 0.01704

[(MMA], = 0.0282 mole/l

0.139 0.00149 0.00120 1.2k 0.02791
0.230 0.00252 0.00200 1.26 0.02768
0.352 0.00399 0.00310 1.29 0.02731
0.430 0.00484 0.00375 1.29 0.02711
0.554 0.00628 0.00L490 1.28 0.02682
0.615 0.0072k4 0.00545 1.33 0.02641
0.643 0.00882 0.00570 1.55ph.sep. 0.02508

[MMA], = 0.0311 mole/l

- 0.0729 0.00085 0.00065 1.31 0.03090
0.161 0.00181 0.001k0 1.29 0.03069
0.303 0.003k2 0.00265 1.29 0.03033
0.385 0.00458 0.00335 1.37 0.02987

0.503 0.00615 0.00L:k40 1.k0 0.02935
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TABLE 15 -- continued

P/p° [W]t mole/l [W] mole/1 [W]t/[W] [NMA]t-[W]t+[W]
mole/l

0.572 0.00716 0.00505 1.k2 0.02899

C.609 0.00861 0.00540 1.59ph.sep. 0.02789

[NMA]t = 0.0442 mole/1 -

0.111 0.00143 0.00095 1.51 0.04372
0.186 0.00248 0.00160 1.55 0.04332
0.284 0.00384 0.00245 1.57 0.0L4281
0.373 0.00495 0.00325 1.52 0.04250
0.467 0.00629 0.00410 1.54 " 0.04201
0.539 . 0.00731 0.00475 1.5k 0.0416k4
0.564 0.00883 0.00500 1.79ph.sep. 0.04037

[NMA'lt = 0.0612 mole/1

0.117 0.00159 0.00100 1.59 0.06061
0.173 0.002L4 0.00150 1.63 © 0.06026
0.268 0.00393 0.00235 1.67 0.05962
0.330 0.00L498 0.00285 1.75 0.05897
0.417 0.006k2 0.00365 1.76 0.05843
0.482 0.00729 0.00420 1.74 0.05811
0.527 0.00896 0.00465 1.93ph.sep. 0.05689
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CHAPTER V

CONCLUSIONS

Both the data from the liguid-vapor equilibrium still and the
molecular weight-measurement apparatus support the theory'of'chain
formation in the self-association of NMA. However, the values obtained
for the self-association constants at 20°C are scmewhat in doubt because
of the relatively large uncertainties in the corrections applied to
the pressure differentials. Also, the enthalpies of association for
Ké and Kn of approximately -6 Kcal/mole sppear to be rather high. As
seen from Tables 3 and 5, the enthalpy change for the formation of
one hydrogen bond between molecules is closer to -4 Kcal/mole in
solvents of low dielectric constant such as CClh or benzene.

The self-association of NMA at 20 or 25°C should probably be
reinvestigated. If a vapor pressure-lowering technique is used,
the partial pressure of NMA above the solution must be accurately
known. The partiasl pressuré could probably be obtained by collecting
and analyzing the vapor in equilibrium with the liquid phase.

The molecular weight-measurement apparatus could be improved by
enlarging the solution chambers and by utilizing a better device for
measuring the pressure differentials. The sulfuric acid msnometer
could probably be replaced by a sensitive Bourdon gage:or perhaps

a capacitance manometer. Electronic Space Products, Inec., Los

101
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Angeles, has available a glass Bourdon gage claimed to be capable of
detecting a pressure difference of less than 0.0l mm Hg.

The self-association of NMMA should be studied in solvents of vary-
ing dielectric constant to allow inference of the hydrogen-bond strengths
between polar groups of proteins in aqueous media. As noted in Chapter
II, some investigations of this nature have been carried out by Klotz
and co-workers.

The hydration data fram both the constant water-activity equilibrators
and the total-pressure apparatus support the theory that each NMA polymer
has n hydration sites capable of binding up to n weater molecules. In
the derivation of the equations it was assuméd that n is the number of
NMA.m@ncmers inlthe chain. The hydration equation predicts a slight
decrease in the slope of the graph of total water concentration vs.
water activity at constant NMA concentration (data from the total-
pressure apparatus). Actually the data points appear to give a slight
increase in slope although the change is not significant if the error
in the points is taken into consideration.

The value of the hydration constant, Kll’ obtained from the data
of the total-pressure apparatus (12.9 + 0.6 1/mole) is in good agree-
nent with that obtained from the constant water-activity equilibrators
{(l0.7 + 0.5 1/mole). This is true even though the water concentrations
determined for the equilibrators appear to be 10 to 12% too high.

A hydration constant of about 12 is in close agreement with the
value obtained by Mueller63 (also about 12) for the formation of &
monomer monohydrate of N,N-dimethylacetamide in CClh at 25°C. 1In

addition. to the monomer monohydrate, Mueller also noted the presence
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of a dimer ...uvhydrate and e monomer dihydrate in solution. The
detection of the latter two species is not in disagreemenf with the
results of the present investigation because N,N-dimethylacetamide
undergoes e completely different type of self-assoc;ation. The only
self-associated species formed in dilute solution are dimers, which
are held together by dipole-dipole interaction instead of hydrogen
bonding.

Because the self-associstion constants for NMA do not appear in
the hydration equation, it appear; that the equation should epply to
hydrated polymers in which the monomers are linked together by co-
valent bonds instead of by hydrogen bonds. Thus, it would be interest-
ing to test the theory with data obtained for the hydration of small
polyamides. If these molecules were found to hydrate in the same manner
as N-methylacetamide, then with data from solutions of increasing di-
electric constant it should be possible to formulate some kind of a

model for a hydrated protein in aqueous media.
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