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The self-association of N-methylacetamide (NMA-H) and of
deuterated N-methylacetamide (NMA-D) dissolved in carbon tetra-
chloride was measured by infrared spectroscopy at three different
temperatures. Assuming that the amides form chain aggregates
through hydrogen bonding, values of the dimerization equilibrium
constant, K,, and of the equilibrium constant, K, for the formation
of higher aggregates, were calculated. The values of K for NMA-D,
ranging from 19 1 mole™?! at 50°C to 32 1 mole™ at 25°C, were found
to be 10—20 9% smaller than the corresponding values for NMA-H.
This result was ascribed to a difference of 0.5 kecal mole™ in 4H° for
the association reaction. The experiments do not permit any
quantitative estimate of the isotope effect on K,; but since it
was observed that the transition from free to associated amide with
increasing concentration is steeper for NMA-H than for NMA-D, it
was concluded that the ratio K,/K is smaller for NMA-H than it is
for NMA-D.

t is well-known "8 that N-methylacetamide in the pure state and in solu-
tion forms aggregates through hydrogen bonding in the following way:
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Measurements of the extent of this association, and, thereby, estimates
of the strength of the hydrogen bonds formed, are of particular interest,2:%
because similar hydrogen bonds formed between the peptide groups of the
polypeptide chains of proteins and of synthetic polypeptides are thought to
contribute to the stability of the conformation of these macromolecules.

In the present investigation the degree of association of N-methylacetamide
(NMA-H) and of deuterated N-methylacetamide, CH;CONDCH,, (NMA-D)
dissolved in carbon tetrachloride has been measured at three different tempera-
tures. The equilibrium constants and other thermodynamic parameters for the
dimerization and for the formation of higher associates of the amides are
presented.

The thermodynamic parameters of the dimerization of NMA-H were
determined by Klotz and Franzen,® and our measurements are in fair agree-
ment with these earlier results, when the considerable experimental error of
both investigations is taken into consideration. The main purpose of the
present investigation has been, however, to estimate the equilibrium constants
for the formation of the higher associates of the amides, and to study the
effect of hydrogen-deuterium substitution on the strength of the hydrogen
bonds formed. We find, as it has also been shown to be the case in other
amide solutions,*® that the association is a cooperative phenomenon, the
equilibrium constant of the dimerization, K,, being an order of magnitude
smaller than the equilibrium constant, K, of the formation of higher associates.
The values of K measured for NMA-H are about 20 9%, larger than the values of
K measured for NMA-D, whereas K, for NMA-H is comparable to or smaller
than K, for NMA-D.

EXPERIMENTAL

Materials. N-Methylacetamide was BDH Laboratory Reagent. Before use it was
dried ¢n vacuo over P,O,. M.p. 27— 30°C.

Deuterated .N-methylacetamide was prepared in the following way. Equal volumes
of 99.7 9%, D,0 (Norsk Hydro, Norway) and of N-methylacetamide were mixed at 40°C
in a closed vessel, and then cooled to —60°C. Vacuum was applied, and most of the
water was removed by gradually raising the temperature to 40°C under continuous
pumping by an oil pump for about 2 h. After a fourfold repetition of this procedure the
sample was left at 20°C under continuous pumping, until crystals of deuterated N-methyl-
acetamide were formed.

The infrared spectrum in the region 1300—4000 cm™, and the NMR spectrum at
60 Mcps of the crystals dissolved in carbon tetrachloride were recorded, and showed no
evidence of water, CH;,CONHCH,, or of any other impurities. M.p. 28— 31°C.

Carbon tetrachloride was BDH Laboratory Reagent.

The spectrophotometric measurements. Infrared spectra in the region 1300—1800 cm™!
of NMA-H and of NMA-D dissolved in carbon tetrachloride were recorded on a Beckman
IR 9 spectrophotometer. The photometer was used in double beam operation with pure
solvent in the reference beam. The optical pathlength was 0.0105 cm, measured according
to Smith and Miller.* The optical cells were thermostated by circulating water in jackets
surrounding the cells; the temperature was measured by means of a thermocouple placed
directly in the solution within the cell.

Fig. 1 shows spectra of NMA-H and of NMA-D recorded at 25°C. The so called amide
I absorption, ascribed to a C=0 stretching frequency of the amide group,’® has been
utilized to measure the degree of association in the solutions. In dilute solutions of the
amides at 256°C the amide I absorption appears as a single band at 1690 cm™; this band
is attributed to C=0O groups which do not act as acceptors of any hydrogen bonds
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Fig. 1. Infrared absorption spectra of N-methylacetamide (NMA-H) and of deuterated
N-methylacetamide (NMA-D) dissolved in carbon tetrachloride at 25°C.
NMA-H: a¢ 8.53x 1078 mole 171, b 6.82x 102 mole 171, ¢ 2.05x 1072 mole 1-2. NMA-D: a

7.83x 103 mole 173, b 6.26 X 10~2 mole 1'%, ¢ 1.57 X 10~ mole 171,

(“free”” C=0O groups). At higher concentrations of the amides another peak of the amide
I absorption appears at 1655 cm™ for NMA-H, and at 1641 cra~ for NMA-D. This band
is attributed to C=0 groups acting as hydrogen bond acceptors (“associated” C=0O
groups). A weaker band observed at 1680 cm~for NMA-H, and at 1670 em™! for NMA-D
is tentatively ascribed to the associated group of dimers of the amides.

The extinction coefficients, éree 8nd &g, Of the two major bands of the amide I
absorption were estimated from the limiting slope of plots of the optical density, ODy,.
and OD,,, vs. the molar concentration of the amide, [Ay;]:

1 dODgee

Btree = 7 "d[A,]

. 1 dOD, for dODy,ee < dOD,,,
ass — 1 d[Ay] d[Ag,] d[A¢]

Acta Chem. Scand. 24 (1970) No. 5

for [Atot] -0,
1




1690 LOWENSTEIN, LASSEN AND HVIDT

Table 1. Extinction coefficient of the two major bands of the amide I absorption in units
of 1 mole™® em™.

Temperature NMA-H NMA-D
°C Efree €ass Efree €asg
25 620 500 650 650
35 590 490 620 600
50 540 470 600 560

where =0.01056 cm is the optical pathlength. The extinction coefficients measured at
three different temperatures are summarized in Table 1.

The concentrations [Ag..] and [A,,] of free and associated C=0O groups were
estimated by measuring the optical density at the corresponding band maxima. In order
to minimize the error due to overlapping of the bands only measurements of ODg..
for which ODgo <$ODg,,, and measurements of OD,, for which ODg..<< 20D,
were considered.

THEORY

Analysis of multiple association equilibria. The association of N-methyl-
acetamide is represented by the following reaction scheme in which A,
denotes an aggregate consisting of i monomer units, 7.e. an i-mer:

A +A, —= A,

A +A, = A,

Ag+A, =— A,
» »

» »

» »
A+A, = A,

» »

» »

» »

» »

[A;] is the molar concentration of i-mers, K i,1=[Ai+1]/[A{][A;] is the
equilibrium constant of the i’th equilibrium of the reaction scheme above,
and we assume, as it is usually done,3® that the equilibrium constants of the
second and following steps of the association are identical, and larger than or
equal to the equilibrium constants of the dimerization,

_[Kyfori=1
Ky io1= K for i>2° K,<K

The concentrations of the various i-mers present are expressed by
[A]=K K 2[A,}, i>2 (2)
so the total concentration of i-mers is given by
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[e¢] o0
2, [Al=[A:]+ Ko 3 K3 [AF'=[Aq]+ Ko[AF[(1 - K[Aq]), (K[A]<1). (3)

The total concentration of N-methylacetamide, [A.], expressed as the
molar concentration of units of N-methylacetamide present, can be calculated
as o)

[Awe]= 2 i[A]=[A;]+ KA {1/(1-K[A;])*+1/(1 - K[A,])} (4)

i=1

(The formulae used in the summations of eqns. (3) and (4) can be found in
many mathematical handbooks, e.g. in Ref. 11).

By the spectrophotometric method, described in the preceding paragraph,
we estimate the concentrations of free C=O0 groups, [As..], and of associated
C=0 groups, [A.s], and since each i-mer contains one free group and (i—1)
associated groups, we have

A= 3 A=A+ KAFO-KAD  © )
and
[Auss] = [Acot] — [Ascee] = Ko[A, /(1 - K[A,])? (6)
Eqn. (6) can be rewritten as
[A]1=1/(K +V K,[[Aus)) (7

which introduced into (4) and (5) leads to expressions relating the measured
quantities [Agee], [Aase], and [A¢] with the equilibrium constants K, and K.

| Ko/K
2+ 0.001
0.01
0.1
K[Agss) 1
H 1
< 0.1
X 0.01
o 1 0.001
3 K[A{reel
=,
X
0 ] 1 .
0 1 K[Aw] 2 3

Fig. 2. K[A; ] and K[Aass] as functions of K[A], calculated according to eqns. (4),
(5), and (6) for various values of the ratio Ky/K.

Acta Chem. Scand. 24 (1970) No. 5



1692 LOWENSTEIN, LASSEN AND HVIDT

@ Ko/K
L 0.001
001
6F
Sr a1
s
3k 1
2 -
‘ -
1 1 0 1 1 1 1
~ln2 0 tn2 1 2 -ln2 0 tn2 1 2
ln K[Agot] nK [Atot]

Fig. 3. The degree of association «, and the average chain length (i) as functions of In
K[A;] calculated according to eqns. (4), (5), and (6) for various values of the ratio

A graphical representation of K[Age] and K[A,s] as functions of K[A]
is given in Fig. 2, and on Fig. 3 the degree of association «=/[Agm]/([Aas] +
[Afrec]), and the average chain length (i) are plotted as functions of In K[Ay].
The curves on these figures are theoretical curves, calculated according to the
formulae given by eqns. (5) and (6). It appears from eqns. (4), (5), and (6) that
K[Age], K[Aus), and K[Ay:] can be regarded as functions of Ky/K and
K[A,], and therefore (by eliminating K[A,]) K[Ae.], « and (i) can be expres-
sed as functions of K[A..] and K /K. The ratio K,/K thus determines the
shape of the curves in Figs. 2 and 3.

From eqns. (5) and (6) one gets that

[Afree] = [Aaaa] = %[Atot] = 1/ K
do 1 for [A,]=1/(K +V K,K) (8)
@nlAe] ~ v E R

This means that, independently of the value of K,, K can be estimated by
measuring the concentration of N-methylacetamide at which the concentra-
tions of free and associated molecules are equal, i.e. at which a=% or (i)=2
(see Figs. 2 and 3). The steepness of the transition from free to associated
amide, measured as d«/dIn[Ay] at the transition point « =3}, determines the
ratio Ky/K; the smaller this ratio, the steeper the transition.

The values of K, and K reported in Table 2 were estimated on the basis
of the expressions (8), considering only experimental data for which «~$, as
well as by numerical fitting to the complete set of experimental data, using
the procedure described in the following paragraph.

The numerical method. The equations obtained from eqns. (4), (5), and (86),
relating the measured quantities[Agee], [Aass), and [Ai] with the equilib-
rium constants, K and K, are rather complicated mathematical expressions.
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Table 2. Equilibrium constants K, for the dimerization and K for the formation of higher
associates in units of 1 mole-1.

Tem}iecrature K K,/K K,
25 38 0.03 1
NMA-H 35 30 0.03 1
50 21 0.05 1
25 32 0.08 3
NMA.-D 35 26 0.06 2
50 19 0.05 1

We, therefore, estimated K, and K by using a computer program which 1)
solves eqn. (4) with respect to [A,] using a Newton-Raphson method,? 2)
introduces the value of [A,] in eqns. (6) and (6), and then 3) minimizes the
expression

[ A ree €2 — [ Al’ree]ﬁt 2 [ Am]mea —I Am]m 2
Z( f [Atot] ) + Z< [Atot] ) (9)

The superscripts mea and fit in (9) indicate measured and fitted values,
respectively. Minimizing (9) means estimating the values of K,and K for which
the agreement between measured and calculated values of « is optimal over
the entire range of experimental data.

The program used is written in GIER-ALGOL IV,8 and is available on
request.

RESULTS

The association of NMA-H and of NMA-D dissolved in carbon tetrachloride
was measured at the temperatures 25°C, 35°C, and 50°C by the method described
in the preceding sections. Fig. 4 shows a plot of [Agece] = ODjree/ &trec and
[Agss] = OD,ss/€ass 8. the molar concentration of the amide, [Atn], measured
for NMA-H at 25°C.

The experimental data for NMA-H and NMA-D measured at 25°C are
presented in Fig. 5 as plots of the degree of association «=/[Auss]/([Aass] +
[Afree]) v8. logio[Atot]. The curves drawn on these figures are calculated
according to (4), (5), and (6) using the value of K, and K reported in Table 2.
The corresponding values of the thermodynamic parameters 4G°= —RT In K,

AH°= —R %E— , and A8°=(4H°— AG°)|T calculated for 7'=298°K are

summarized in Table 3.
DISCUSSION

The isotope effect on the strength of hydrogen bonds formed between
amide groups has been the subject of several discussions.!41® One of the
difficulties in the interpretation of available data is that in most cases the
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Fig. 4. The concentrations of free and associated amide groups, [Ap..] and [Aass],
measured as functions of the total amide concentration [A.,] for N-methylacetamide
dissolved in carbon tetrachloride at 25°C.
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Fig. 5. The degree of association as a function of log,[Ay;] ([Atxt] mole 171) measured
for N-methylacetamide (NMA-H) and for deuterated N-methylacetamide (NMA-D)
dissolved in carbon tetrachloride at 25°C.

effect of the hydrogen isotope substitution has been measured in solvents
which themselves contain exchangeable hydrogen atoms. If —CONH -
compounds are studied in solvents with a normal isotopic composition, and
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Table 3. Thermodynamic parameters for the formation of higher associates.

46 k"%l/ mole A4H? keal/mole 48° cal/mole’K
(25°C)
NMA-H © =216 —4.7 ‘ -9
NMA-D —2.06 —4.2 -7

—COND — compounds are studied in deuterated solvents, differences observed
in the strength of hydrogen bonds formed can be ascribed partly to differences
in the solvents.

In the present investigation a solvent is chosen (carbon tetrachloride)
which has no exchangeable hydrogen atoms, and which can, therefore, serve
for both NMA-H and NMA-D. The effect of hydrogen deuterium substitution
on the association of NMA in carbon tetrachloride at 25°C is illustrated in
Fig. 5, showing the degree of association « measured as a function of log;o[Atot].
For «>% the curve obtained for NMA-D is displaced towards higher amide
concentrations relative to the curve obtained for NMA-H, indicating that
according to eqn. (8) the equilibrium constant K for NMA-D is smaller than
K for NMA-H. The curve of NMA-H is slightly steeper than the curve of
NMA-D, which means that the ratio K /K for NMA-H is smaller than it is
for NMA-D. The numerical treatment of the data indicates that K, for NMA-H
is comparable to or even smaller than K, for NMA-D (see Table 2). This
implies the fact that, in very dilute solutions where the accuracy of the spectro-
photometric measurements is poor, the degree of association for a given
amide concentration may be larger for NMA-D than for NMA-H; at higher
concentrations the isotope effect is the opposite.

The value of K,=1, measured for NMA-H, is lower than the values of
this constant reported by Klotz and Franzen.® Extrapolating measurements
of the degree of association in solutions of NMA-H in carbon tetrachloride to
zero concentration, these latter authors obtained the values K,=4.7 and
K,=5.8. The extrapolation procedure applied requires measurements of the
association in very dilute solutions ([Ats]<€ 1/K=<0.03 1 mole™), where the
spectrophotometric method used by us is not sufficiently accurate. If, however,
we apply the relations given by eqn. (8) to the plot of « vs. log;o[Atet] shown
in Ref. 5, we find the values K =34, K,/K=0.1, K,=3 to be consistent with
the experimental data reported. This latter set of values agrees satisfactorily
with the equilibrium constant of Table 2.

The accuracy of the numerical calculation of the equilibrium constants of
Table 2 is 4-1 1 mole, so the isotope effect on K is too small to be measured
by our method. The effect on K, however, is significant; and, as shown in
Table 3, it may be ascribed to a difference of 0.5 kcal/mole in 4H® for the
formation of a hydrogen bond, 4H°®= —4.7 kcal/mole for NMA-H, and 4H°
= —4.2 kecal/mole for NMA-D.

The problem of the isotope effect on the strength of hydrogen bonds formed
between peptide groups may be of particular interest in connection with
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studies of protein conformations by measurements of the rates of hydrogen
isotope exchange in aqueous protein solution.!® During measurements of these
exchange rates the isotopic composition of the hydrogen atoms of the proteins
gradually changes, and it is important for the interpretation of the rate
constants to know, whether the exchange influences the stability of the protein
conformations. The results of the present investigation confirms the prevalent
point of view, that if the stability of protein conformations is influenced by the
exchange, the effect most likely to occur is smaller than the accuracy at
which the stability can be measured by the exchange methods.
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