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The vacuum ultraviolet absorption spectra of various hydrogen bonded amides were 
measured at various temperatures and concentrations. It was found that the characteristic 
absorption bands of amides, which appear at 180--190 m~, greatly change by hydrogen 
bonded dimer formation and moreover their changes are sensitive to the relative orientation 
of the monomers. That is to say, they shift to shorter wavelengths by about 6000 cm -1 by the 
hydrogen bonded ring dimer formation and shift to longer wavelengths by about 3000 em -1 
by the hydrogen bonded chain dimer formation. The theoretical consideration on the energy 
level splittings due to hydrogen bonded dimer formation explained satisfactorily these observa- 
tions. The results seem to be important in connexion with the determination of the configura- 
tions of polymers which contain peptide bonds as a unit. 

Vakuum-UV-Absorptionsspektren verschiedener Amide, die tt-Briicken ausbilden, 
wurden vermessen. Die charakteristische Bande der Amide bei 180--190 mtz wird durch H- 
Brficken in Abh~ngigkeit yon der Form des gebildeten Dimeren verschoben: so ist die Ver- 
sehiebung im Falle der Ringbildung + 6000 cm -1, im Falle linearer Verkettung - 3000 cm -1. 
Dies Ph/inomen wird theoretisch erklart. Die Ergebnisse sind ffir die S trukturaufklKrung yon 
polymeren Amiden yon Bedeutung. 

Les spectres d'absorption U.V. dans le vide ont 6t6 mesur6s pour diff6rentes amides 
formant des liaisons hydrog~ne. La bande caract6ristique des amides vers 180--190 m~ est 
d@lac6e lots de la formation d'une liaison hydrogbne: pour des dimbres ee d6placement 
est de + 6000 cm -1 lots de la formation d'un compos6 cyclique et de - 3000 cm -1 lors de la 
formation d'un compos6 lin6aire. On explique th6oriquement ce ph6nombne. Les r6sultats ont 
une signification pour la compr6hension de la structure des amides polym~res. 

Introduction 

Hydrogen  bond m a y  be regarded as one of the mos~ interest ing subjects in the 
fields of biology and  biochemistry as well as of physical chemistry. For  example, 
Wat son  and  Crick's model [1] of DNA indicates t ha t  hydrogen bonds play 
an  impor t an t  role in the format ion of the double helix coil. LSWDIN [2] suggested 
tha t  pro ton  t ransfer  between the bases of nucleic acids through hydrogen bond  
m a y  greatly contr ibute  to muta t ion .  EI~-BAu and  KAs~I~ [3] reported tha t  
energy t ransfer  occurs in  hydrogen bonded aromatic  systems. 

TINOCO [4] and  RHODES [5] presented a theory  of hypochromism and hyper- 
chromism in  polynlers. According to their  theory,  the second order configuration 
of polymers can be correlated with the intensit ies of their  absorpt ion bands.  For  
instance,  the characteristic absorpt ion bands  of the bases of nucleic acids, which 
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appear in  the 260 m ~  region, change their  intensit ies by  the format ion of the  

hydrogen bonded helical polymers. However,  an  appreciable shift of the absorp- 

t ion  peak due to the polymer  format ion has never  been reported [6]. 
We under took  to s tudy  from both  exper imental  and  theoretical  points  of view 

the shifts of the absorpt ion spectra of some amides due to the hydrogen bonded 
dimer formation,  for the purpose of obta in ing fundamen ta l  knowledge about  the 
relat ion of the b a n d  posit ion with the relative or ienta t ion  of amide in  peptide 

polymers. 

Experimental 
Measurements of absorption spectra of 6-valerolactam (m.p. 39~ s-caprolactam* (m.p. 70 ~ 

2,5-diketopiperazine (m.p. 31i--3i2~ and N-methylacetamide (m.p. 28 ~ - -  all carefully 
purified by recrystallizations and vacuum-distillations - -  were made with a Cary recording 
spectrophotometer model 14 M and a vacuum ultraviolet spectrophotometer constructed in 
our laboratory [7]. A quartz cell of 0.0l cm light-path length was used for the measurements of 
solution spectra. A quartz cell of 2.5 cm long was used for the measurements of gaseous ($-vale- 
rolactam, e-caprolactam and 2,5-diketopiper- 
azine and quartz cells of 0A and 0.01 cm long 
were used for the measurements of gaseous 
N-methylacetamide. Since allthe samples men- 
tioned above are solid at room temperature, the 
measurements in gaseous states were made at 
high temperatures (60~176 Furthermore, 
since the samples are all deliquescent except for 
2,5-diketopiperazine, careful treatment is 
necessary for avoiding moisture. The sample 
was warmed in vacuo until it was liquified for 
the purpose of degassing and dehydration and 
then distilled or sublimatedinto the optic al cell. 
A pair of copper plates, a heater and a 
thermocouple were attached to the cell. This 
is shown in Fig. t. Lastly we measured the 

// Thermocouple 
Heoter 

Copper plate 
Fig. 1. Experimental apparatus for the optical 

measurement at high temperature 

absorption spectra heating the absorption cell. To avoid decomposition, the heating tempera- 
ture was restricted below the boiling point of the sample. In  this experiment, the vapor 
pressure of the sample could not be determined accurately. However, from the known molar 
extinction coefficients of the first ~t -+ z* transition bands of the respective samples in aqueous 
solution, we could roughly estimate their vapor pressures. Concerning (~-valerolactam and 
e-caprolactam, the absorption measurements were made at three or four different temperatures 
up to :i60 ~ As for N-methylacetamide, the measurement was done by changing the vapor 
pressure of the sample. The temperature and pressure dependence of the absorption spectra 
was measured for the purpose of obtaining knowledge about the change of the absorption 
spectrum due to dimer formation. 

The results of the measurements are shown in Figs. 2--6. In Figs. 3--5, the ordinates 
represent the absorbance. The molar extinction coefficients could not be evaluated because of 
the uncertainties of the vapor pressures. In  Fig. 6, the origins of the ordinates which represent 
the absorbance values in arbitrary scale are different for curves l,  2 and 3. 

Theoretical 

I n  order to est imate the magn i tude  of the change in  the energy levels of the 
amides due to the dimer  or t r imer  formation,  calculations of the DAvYDov type  
spl i t t ing were made with various types  of hydrogen bonded  amides;  namely  r ing 

* The authors should like to thank Dr. u KV~TA, Basic Research Laboratories, Toyo 
Rayon Co. Ltd., for tfis kindness in presenting this sample. 
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Fig. 4. Vacuum ultraviolet absorption spectrum of gaseous r 102 ~ . . . . . .  155 ~ 

Fig. 5. Vacuum ultraviolet absorption spectrum of gaseous 2,5-diketopiperazine at 90 ~ 

dimer, chain dimer and chain trimer. In addition to them, 2,5-diketopiperazine 
was taken as an example in which two amide groups are separated by two methyl- 
ene groups and the DAVYDOV type interaction may be expected between them. 
Actual calculations were made by the transition density operator method devel- 
oped by LONGV~T-HIoGINS [8]. 
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Let us denote the component systems as s and s'. The Hamiltonian (H) of a dimer (which 
is composed of s and s') can be represented as follows: 

H=H~+H~,+ r . , .  (l) 

Here Hs and H~, are the zeroth order Hamiltonian of the componen~ systems s and s'; Vss, is 
the interaction term between them. 

The eigenfunctions (%o) and the eigenvalues (E) of the total electronic Hamiltonian (H) for 
the ground and the excited states of the dimer are represented as follows: 

VG = q~gFg' (3) 
't 

~ = - ~  (~To' * ~o~,) (4) 

E~ = ~ + ~ ,  + < ~ ,  I r~., ] ~ , >  (5) 

with 

In our case, ~g = eg,, e~ = ee" �9 

By the use of the above equations, the change in the transition energy (dE) due to the 
dimcr formation can be written as follows: 

AE = (E~ - Eo) - (~ - ~) 

= (9~Tg ' I Vs~, [ T~g,> ~ @4@' [ Vs~, [ 9~g~e,) - <9~g~vg, [ V~,, [qJgq~g,>. (7) 

This quanti ty is then evaluated by the transition density operator method of LO~OnET- 
HZaOZNS [8]. 
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Fig. 7. Geometrical structure of 2,5-diketopiperazine (distances in .~) 

Here let us explain the geometrical parameters adopted in the present calcula- 
tions. The structure of 2,5-diketopiperazine was determined by the electron 
diffraction experiment by VAn~SHTEn~ [9] as is shown in Fig. 7. From this figure, 
it may be inferred that  the lone pair orbital of the oxygen atom which takes part  
directly in hydrogen bond formation is in sp 2 hybridized state. Hydrogen bonded 
(~-valerolactam and e-caprolactam whose N - H  and C=O bonds are located in eis 
position with respect to C-N bond are known to form a ring dimer [10, 11], and 
on the other hand hydrogen bonded N-methylacetamide whose N - H  and C=O 
bonds are in trans position [12] forms the chain dimer or trimer. However, their 
geometrical configurations have never been determined accurately. Therefore, we 
assumed them as is shown in Figs. 8 and 9 
by an analogy with 2,5-diketopiperazine. 

As for the zeroth order wavefunctions 
of the ~-electron systems of the isolated 
amide, we took the wavefunetions of for- 
mamide calculated by NAG~KV~A [13]. 
These wavefunctions explain satisfacto. 
rfly the characters of the ground and 
excited states of formamide [14---16]. 
The evaluated transition densities 
<~ ]e (r) I/9> are given in the Tab]e. By 
the aid of these values, the energies of the 
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Fig. 8. Assumed geometrical configuration of ring dimcr (distances in ]k) 

:Fig. 9. Assumed geometrical configuration of chain polymer (distances in _i) 
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Table. Values o] the Transition Densities ~ 

N C 0 

<o l e (r) I o> +0.2089 +0.3316 -0.5405 
<Ole(r) la> +0.3458  -0.0184 -0.3364 
<l[e (r) l i> +0.6025  -0.3617 -0.2408 

a 0 and I indicate the z ground and  the  first ~* 
excited s tate  of amide, respectively. 

interaction between the isolated systems were evaluated. The results of the cal- 
culations are schematically shown in Fig. i0. In  this figure, E + and E -  correspond 
to the energies of the excited states of the dimer, the wavefunetions of which are 
i /~2(~g~, + ~e~')  and ~]~2(~ggSe'- ~e~g'), respectively. In the parallel orienta- 
tion E(~ ~ EE- is the allowed transition and in the head to tail orientation, 
E a - +  EE + becomes allowed. From these results, it is expected that  the first 
7~ -~ ~* transition band shifts to shorter wavelengths by the formation of the ring 
dimer and shifts to longer wavelengths in the case of the chain dimer or trimer. 

. EE" Ee -----~'-~-- EE" Ee ~-.------:- E3 C- !E2 ~e r . ' -~  EE+ i ~  EE - 

~ x " ~ - E E *  X O X 
' o  

M D M D M D M T 

H \ N / ~ / O  ~'N"H'JO%c H\ _ / 
I I I I ,N cdo...H_, - 

,/0%0 .H \ O~C,~N\H .,.N )C=O 

A E  ~ = - - 1 1 0 0  c m  - 1  a l e  ~ = + 2 5 3 7  e m  - 1  
A E  x = - - 2 0 6 7  c m  - 1  A E  x = - - 3 1 6 2  c m  - 1  

Chain trimer 

A E  ~ = - - 1 8 1 5  e m  - 1  

A ~  TM = + 531 e m  - 1  
A E  ~ = - - 2 7 3 2  c m  - 1  
A E  x = -  6 9 6 c m  - 1  

A E  A =  + 5 3 8 c m  - 1  

~ i g .  10.  C a l c u l a t e d  e n e r g y  leve ls  o f  d i m e r  a n d  t r i m e r ,  o a l l o w e d  t r a n s i t i o n ,  x f o r b i d d e n  t r a n s i t i o n ,  z[ n e a r l y  
f o r b i d d e n  t r a n s i t i o n  

Results and Discussion 

As is clearly seen in Fig. 2, the aqueous solutions of 5-valerolactam, 2,5-dike- 
topiperazine and N-methylacetamide show strong absorption bands whose peaks 
are located at i94, 190 and 185 mF, respectively. This experimental result coincides 
well with that  by HAg and PLATT [17]. According to the investigation by  KLoTz 
and F~A~TZ]~N [18], N-methylaeetamide molecules do not form hydrogen bonds 
with each other in aqueous solution of the concentration region of i0 -2 -- 10-aMol/1. 
The absorption spectra of d-valerolactam and 2,5-diketopiperazine in aqueous 
solution show no change in the spectral positions and the intensities by changing 
the concentration in the range of t0 - ~ -  l0 -s Mol/1. This probably means that  
these compounds exist in a monomer state as is similar with N-methylacetamide. 
Therefore, the above spectra may be ascribed to the monomer (of course, hydrogen 
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bonds m a y  be formed between amides and water). Moreover, the oscillator 
strengths of these absorption bands are 0.308, 0.468 and 0.338 for ~-valerolaetam, 
2,5-diketopiperazine and N-methylacetamide, respectively. From the strong 
intensities of these bands, we can safely conclude tha t  they correspond to the 
first ~r ~ r *  transition band characteristic of amides. Furthermore,  from an 
analogy with the spectrum of formamide [13], they m a y  be regarded as the 
intramolecular charge-transfer band accompanying an electron transfer from the 
amino group to the carbonyl group. 

The absorption spectra of gaseous ~-valerolactam, e-caprolaetam and 2,5- 
diketopiperazine differ appreciably from the spectra in aqueous solution. These 
are shown in Figs. 3--5.  

~.valerolactam shows two absorption bands, one of them being located in the 
region of 189 ~ 190 m~ and the other at 17i m~. The latter is five times stronger 
than the former. In  view of the peak wavelength (194 m~) of the monomer observ- 
ed with the aqueous solution, the first band at 189 - 190 m~ of gaseous ~-valcrolac- 
t am may  safely be ascribed to the monomer in gaseous state. In  this connexion, it 
may  be added tha t  the first ~r -+ ~r* transition band of amides at  about  190 m~ 
shows only a small solvent shift. (That is to say, the 185 m~ band of N-methyl-  
aeetamide in aqueous solution appears at  about  i80 m~ in gaseous state. As for 
this molecule, it is possible to measure the absorption spectrum of the pure 
monomer in gaseous state). 

The theoretical consideration shown in Fig. 10 concludes tha t  the t90 m~ 
band of amide shifts toward shorter wavelengths by  about 2 500 em -1 as the result 
of ring dimer formation. From this result it may  be inferred tha t  the second 
observed band at  171 m~ can be ascribed to the ring dimer of ($-valerolaetam, 
although the observed wave number shift (5500 ~-~ 6000 em -1) is larger than  the 
theoretical value. 

In  order to support this interpretation, we measured the temperature depend- 
ence of the absorption spectrum of gaseous ~-valerolactam in the range of 65 ~ to 
t68 ~ As is shown in Fig. 3, the intensity of the first band increases by  the elevation 
of the temperature,  while second band decreases its intensity. 

In  the spectrum of e-caprolactam, the similar phenomenon was observed 
(see Fig. 4). In  this ease, the monomer-dimer shift amounts to 6000 em -1. Thus 
we concluded tha t  monomer-ring dimer equilibrium exists for ~-valerolaetam and 
e-caprolaetam and tha t  the longer wavelength band may  be ~ssigned to the first 
~r ~ ~r* transition of the monomer and the shorter wavelength one may  be due to 
the hydrogen bonded ring dimer. 

2,5-diketopiperazlne* contains two peptide bends within a molecule and has a 
possibility to form ring dimer by  hydrogen bond formation. By an analogy with 
the above two lactams, the ~r -~ n* transition band m a y  be expected to shift 

* The calculated result of the energy level splitting of 2,5-diketopiperazine given in Fig. i0 
is concerned with the intramolecular interaction between the two peptide bonds. According 
to the calculation, the first ~t -~ z* transition band of 2,5-diketopiperazine appears at longer 
wavelengths by 1100 cm -1 compared with that of single peptide bond. This theoretical 
expectation may correspond to the fact ~hat the observed peak positions shown in Fig. 2 are 
190 and 185 m~ for the aqueous solution of 2,5-diketopiperazine and N-methylacetamide. 
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toward shorter wavelengths, though quantitative theoretical consideration has 
not been performed for this case. Thus the spectrum of 2,5-diketopiperazine at 90 ~ 
shown in Fig. 5 may  be interpreted as the mixture of the dimer and monomer 
spectra. The strong band at 168 m~ may conceivably be due to the dimer and the 
weak and broad one at t90- - i95  m~ due to the monomer (AE N 7500 cm-1). 

Now, let us turn our attention to the absorption spectra of N-methylacetamide. 
The results of the pressure dependence of the vacuum ultraviolet absorption of 
N-methylacetamide arc shown in Fig. 6. The experiment by the use of the optical 
cell of 2.5 cm length and at low pressure of the sample resulted in the observation 
of the absorption band at 183 and 179 m~. The doublet may be due to a vibrational 
structure. In  the experiment of the high pressure of the sample by the use of 
0.01 em optical cell, the absorption peaks appear at 194, 189 and t80 m~ in the 
wavelength region longer than 180 m~. The experiment of the medium pressure 
using a cell 0.t  cm long, the absorption baud becomes broad and the peaks or 
shoulders appear at 194, 189, 183 and 179 m~. That  is to say, two forms stable at 
the high and the low pressures are found to coexist in the medium pressure. I t  is 
reasonable to assume that  the stable form at the high pressure is a dimer. From 
the above experimental results, it may be concluded that  the z -~ ~r* transition 
band of N-methylaeetamide shifts to longer wavelengths by  t0 m~ (~3000 cm -1) 
by the chain dimer formation. 

From these experimental results, we may safely conclude that  the first ~r -~ ~r* 
transition band shifts to shorter wavelengths by about 6000 em -1 by the hydrogen 
bonded ring dimer formation and shifts to longer wavelengths by about 3 000 cm -1 
by the formation of l~he hydrogen bonded chain dimer. This result at least qualita- 
tively coincides with the theoretical conclusion shown in Fig. 10. 

We found theoretically tha t  the first ~ -* z* transition band shifts to shorter 
wavelengths by  2500 cm -1 by the ring dimer formation and to longer wavelengths 
by  t 800 cm -1 by the chain dimer formation*. The calculated values are generally 
smaller than the corresponding observed shifts. In  the above calculations, we 
disregarded exchange interactions between the isolated systems of the dimer or 
trimer. This might be one of the reasons for the discrepancy between the theoretical 
and observed values. 

Recently, t~HO])~S [5] and Tmoco  [g] and others [I9, 20] proposed the theory 
of hypochromism and hyperehromism and many workers [6, 21] adopted it for the 
purpose of correlating the intensity of the absorption band of a polymer with its 
second order configuration. However, with respect to the relation of the spectral 
position of a polymer with the configuration, there has been only few examples. 
In  our study, the position of the characteristic strong absorption band of amides 
which appears in the vacuum ultraviolet region was found to be sensitive to the 
orientation of the monomers in the polymer. The observation of its position may 
give some useful information in discussing the configuration of the polymer which 
contains peptide bonds as a unit. 

* There is a possibility of chain trimer formation for N-methylacetamide. However, we 
disregarded the possibility, because in the concentration of 10-~--10 -3 Mol/1, corresponding to 
our experimental conditions, the trimer formation cannot be expected [10]. 
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