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INFRA-RED ABSORPTION SPECTRA OF PYRIMIDINE NUCLEOTIDES 

IN H,O AND D20 SOLUTION*' ** 
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Infra-red absorption spectra have been widely used as a means of compound 
identification and of structure analysis in many fields of organic and biochemistry 1-~. 
Applications to pyrimidine and purine chemistry ~-12 and to the study of nucleic acid 
derivatives 13-1v have been limited by the complexity of the structures involved and the 
consequent difficulty of band assignment. 

The demonstration by GORE et al. TM, of the utility of infra-red absorption spectra 
of thin films of carboxylic and amino acids in water and in D20 solution led to investi- 
gation in our laboratory of the possibility that similar spectra could be obtained with 
solutions of the highly soluble nucleosides and nucleotides. By variation of the pH (or 
pD) of such solutions, the associated variations in infra-red spectra could be correlated 
with structural changes in groups of known dissociation constant (amino, phosphate, 
and enolic groups). This correlation greatly facilitates the assignment of the various 
absorption bands. 

A similar approach to the assignment of nucleotide infra-red absorption bands has 
been developed independently by BLOUT AND LENORMANT 19,2°. 

MATERIALS AND METHODS 

Material. T h y m i d y l i c  and  deoxycyt idy l ic  acids were prepared  by  enzymic  degrada t ion  of 1.6 g 
of t h y m u s  deoxyr ibonucle ic  acid and  ion exchange  fract ionation2l ,  2~. E a c h  of the  f rac t iona ted  
nucleot ides  was  readsorbed  onto  a shor t  ion exchange  co lumn  (Dowex-I-8X, I cm by  6 cm diameter)  
and  e lu ted  in smal l  vo l ume  ( approx ima te ly  ioo ml) of 2 M a m m o n i u m  ace ta te  buffer, p H  4.7- These  
e lua tes  were frozen and  lyophil ized to r emove  wate r  and  a m m o n i u m  acetate .  The  residual  a m m o n i u m  
nucleo t ide  was  t a k e n  up  in wa te r  solut ion and  conver ted  to the  sod ium sal t  by  passage  t h r o u g h  
a c o l u m n  of Dowex-5o (2 cm × 2 cm diameter)  in sod ium form. Nessler  tes t s  were pe r fo rmed  on 
t he  nuc leo t ide -con ta in ing  effluent to d e m o n s t r a t e  t he  absence  of a m m o n i u m  ion. These  solut ions  
were aga in  lyophil ized to ob ta in  the  d ry  sod ium nucleotides,  which  were s tored in a dessicator .  
Bo th  nucleot ides  are believed to be 5 '  phosp  hatesle'~3 as t h e y  are dephosphory la t ed  by  the  e n z y m e  
5 ' -nucleot idase .  

T h y m i d i n e  and  deoxycy t id ine  were pu rchased  f rom California Biochemical  F o u n d a t i o n .  
Cyt idyl ic  acid was  p u r c h a s e d  f rom Nut r i t iona l  Biochemical  Corporat ion.  Th i s  ma te r i a l  was 

d e m o n s t r a t e d  b y  ch roma tog raph ic  analys is  24 to consis t  of 36% cy t id ine -2 ' -phospha te  (cytidylic 
acid a TM) a n d  58 % cy t id ine -3 ' -phospha te  (cytidylic acid b). One  g r a m  of t he  commerc ia l  cyt idyl ic  

* Th i s  Resea r ch  was  suppor t ed  in ma j o r  pa r t  by  a g r a n t  f rom the  Amer ican  Cancer  Society 
ac t ing  t h r o u g h  t he  C o m m i t t e e  on Growth  of the  Nat iona l  Resea r ch  Council. 

** A p re l im ina ry  repor t  of por t ions  of th i s  work  was  p resen ted  before t he  phys ics  sect ion of t he  
Iowa A c a d e m y  of Science meet ing ,  March,  1952. 

Re[erences p. 26[27. 
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acid w a s  f r a c t i { } i l l t t e { I  1)ii a c{}[l l l I ) l l  e l  [){)x,v{!x i - S x  r e s i l / ,  i o  1"11/ • (i t i l l  t I i ; t i / l c l e l - .  l ' I ]{ '  i{'si1]t£11]/ 

n u c l e o t i { l e  f l - a c t i o l / S  w e r e  C { } l l C e l l t r a t e d  l ) v  r e a { l s t } r p t i { } n  {}l/t{} s h o r t e r  c{} ln l / l l lS  [ i  {'ill  i{} Cll l  

diameter) of the same resin, and ehlted witl] 2 3l tlllilnt}Hitlln ~l{'ett/t{; I)ufler, t)ti 4.7. The HItIIII{}IIIUlll 
acetate was removed 1}y lyotd]ilizati(}n and the nucle{}ti{les {'(mverted to s{Mittln salts :~s ,lescribe, I 
~/l){}ve. 

17ridylic acid was purchased from Nutrit ional t{iochemicals Corporation. This material  was 
demonst ra ted  by chromatographic  analysis e4 to consist ,d at least {}8 " ,  uridine- 3' ph,)sphate (uridylic 
acid h) and was used directly for these spectra. 

To obtain ur id ine-- / -phosphate  (uri{lylic acid a), 75{) mg of commercial uridylic acid were 
dissolved in leo ml of o.i N HCI and boiled for one hour. The resul tant  mixture of u r id ine - / -  and 
uridine-3 ' -phosphates  was neutralized with NaOI i  and fractionated on a {',)lumn of 1)owex i-8x 
(JI cm - 9 c m  diameter), us ingo .o8  kl sodium acetate buffer, p H  5.2 as the eluenteL 

33 (J~, was recovered its ur idine-- / -phosphate.  This material was concentrated, lyophilized, and 
converted to the dry sodium salt as described for lhe cytidylic nucleotides. Txw, such preparati{ms 
were made. 

Uridine-5 ' -phosphate and uridine were purchase(l from Nutrit ional t3iochemicals Corporati,m. 
D20 was ol)tained from the S tuar t  Oxygen Coral)any , San Francisco, on alh}cati{m from the 

Unite(1 States Atomic Energy Commission. 
I~/ra-red spectra. All infra-red spectra were obtained on double-beam, recording instruments ,  

with a water, or D20, fihn in the bahmcing beam. The great  majori ty of spectra were taken on 
the l ' e rkin-Ehner  Model J3 ins t rument ,  while a few spectra were obtaine{1 on the Baird Model B. 
NaCI prisms were used for all spectra.  

The absorpt ion cells consisted of two plates of AgCI separated l}y a I2. 5/~ silver foil spacer*. 
The plates were held between silver plated brass clamps. 

l:{}r spectra in I-t20 s{}luti{ms, lo mg of the sample were dissolved in 25 ~. {}f H~O. This solution 
was then placed in the well of a one-drop glass electrode (Beckmann No. 29{) 8_,) and the pH adjusted 
to the desired value with ~} N HCI or 6 N NaOH (added in 2 or 3 2. aliquots). 

For spectra in I )20 solution, the sample was first deuterated by repeated snhlti{m in 1)20, 
followed by evaporat ion to dryness. Ten mg of sample would be dissolved in about  leo ). of D2(). 
This was  then taken to dryness with a jet of heated nitrogen. This process was repeated three or 
four times. In this way it is pr{A)able tha t  all labile H atoms (in OH or NH bonds) were replaced 
by  D atoms. 

The deuterated sample wits then taken up in 25 /, D~O. This volulne was placed in tile well of the 
one-drop electrode and the pD adjusted with De1 (L 7 N) or NaOD (0. 7 N)**. DC1 was prepared 
from PC1 a and D20, followed by distillation in a N a stream, through a dry ice trap, into De(). NaOI) 
was prepared by addition of metallic sodium to D20. Both reagents were standardized by ti tration. 
1)C1 against s tandard  NaOH, and NaOD against potassiuin acid phthala te .  

The f{}llowing spectra were taken:  

Deoxycytidine in t t20  at p H  
Deoxycyt idine-5 ' -phosphate  in H20  at pH 

in I)~O at pD 
Cytidine-2 ' -phosphate in H20 at pH 

in I )20 at pD 
Cytidine-3'-t)hosphate in H20 at pH 

in DaO at pD 
Thymidine in H20  at p H  
Thymidine-5 ' -phosphate  in HeO at p H  

in D20 at pD 
Uridine in H20  at p H  
I i r idine-2'-phosphate in H20  at p i t  

in D20 at pD 
l~ridine-3'-phosphate in H~O at p H  

in D~O at pD 
Uridine-5 '-phosphate in H20  at p i t  

in D20 at pD 

* 12. 5 11 silver foil was obta ined  from Handy  
New York. 

3.5, alld 7.0; in 1)20 at pD 3.o. 
2.5, 5.o, 7.{), and ll.O: 
2.5, 5.l, 7.o, and ,1.5. 
5.(), ,~.0, ¢tn(l 11.0[ 
.5-5, 8.8, ;lnd Io.8. 
5"5, 8.6, &nd I {.o; 
5-5, 8.1, and I I.e. 
0. 7 . 
3-5, 6.9, 9.{7 and m.8; 
3.3, 7 .0 , 9.0, and lO.6. 
4.0; in D20 at pD 3-7- 
3.0, 5.o, 7.0, 9.0, and  ~o.7; 
3.0, 4.7, 7 .2, 9.o, and lO.6. 
3.5, 5 -t, 0.7, and m.7; 
2-4, 7-4, aml  1o.8. 
3.5, 7 .0 , 9 .t, and Io.7; 
3.5, 6.9, 9 .t, and to. 7. 

and H a r m a n  Company,  82 Fulton Street, New Vork, 

** The Beckman ¢me-drop electrode was calibrated for measurement  of pD with buffers of com- 
puted  pD made with deutero-phosphate,  deutero-acetate,  deutero-formate,  and deuterated am-  
m o n i u m  salts.  ] 'he  dissoc iat ion c o n s t a n t s  m e a s u r e d  by  SCHD, rARZENBACII et al. ~5, were  used  for this  
c o m p u t a t i o n .  The  results  were  on good a g r e e m e n t  w i t h  those  reported  later  by  FISHER AND POTTER 
(AEC No.  M D D C  715), and, to  sufficient accuracy ,  the  p D  was  equal  to  the  pH m e t e r  reading  plus  
{7.15 unit .  

Relercm'es p. 261z7. 
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RESULTS 

The infra-red absorption bands are tabulated in Tables I, II and III, which refer to 
the spectra of the uracil, thymine and cytosine nucleotides respectively*. A typical 
series of spectra (of deoxycytidine-5'-phosphate) in H,O and in D,O at various values 
of pH and pD is shown in Figs. I and 2. 

T A B L E  I 

INFRA-RED SPECTRA OF U R I D Y L I C  ACIDS 

Absorption band Remarks 

765 cm -1 S in Ur  a t  p D  4 Un- ionized  r ing band  
M in Ur2p,  Ur3p,  U r s p  a t  pD  4, 7 

780 V W  in Ur2p,  Ur3p  , Ur5p  at  pD 7 Ionized r ing band  
M in Ur2p,  Ur3p,  Ur5p  a t  pD  II  

795 M in U r s p  a t  pD  4, 7, i i  Ur5p  band  
81o S in Ur  a t  pD  4 Alkal ine d i sp lacemen t  

M in Ur2p,  Ur3p,  U r s p  a t  pD 4, 7 
M in Ur2p,  Ur3p, Ur5p  a t  pD  I I, b u t  dis- 

p laced to 82o cm -1 
900 V W  in Ur  a t  pD  4 

W in Ur2p,  Ur3p,  Ur5p  at  p D  7, I I - - m a y  be 
p re sen t  a t  pD  4, b u t  h idden  by  915 cm -I  band  

907 M in Ur2p  a t  p H  i i  
915 Absen t  in Ur  a t  p H  4 

M in Ur2p,  Ur3p,  Ur5p  a t  p H  4, only;  
b road  b a n d  

920 W in Ur2p  a t  p H  7, I I ;  m a y  be p resen t  a t  
p H  4, b u t  h idden  by  915 cm -1 b a n d  

94 ° M in Ur3p  , U r s p  a t  p H  7, I I ;  m a y  be  
p re sen t  a t  p H  4, b u t  h idden  by  915 cm -1 
b a n d  

95 ° M i n U r a t p H 4  
975 W in Ur2p,  Ur3p  , Ur5p at  p H  4 

S in Ur2p, Ur3p , Ur5p  a t  p H  7, I I 
990 W in Ur  a t  p H  4 

iooo W - M  in Ur5p  a t  p H  4 
IOlO W i n  Ur2p  a t  p H  4 ,7 ,11;  sh i f t s  to lO25 cm -1 

a t  p H  7, I i 
W i n  Ur3p  a t  p H  4, 7, t I  
Abse n t  in Ur, Ur5p  

lO45 (D20) M - S  in Ur, Ur2p, Ur3p, Ur5p a t  pD  4, 7, I I - -  lO45 (DzO) <----~ lO6O (H~O) 
shi f t s  to lO6O in HzO a t  p H  4, 7 b u t  no t  i i or  alkali  

lO85 M in Ur  a t  p H  4 P h o s p h a t e  band  p lus  ROPO2 = in 
S in U r s p  , a t  p H  4; VS a t  p H  7, I i  5 ' - phospha t e  p lus  c o m m o n  ur id ine  
S in Ur2p,  Ur3p,  a t  p H  4, 7, I i  b a n d  

i i i o  S in Ur  a t  p H  5 R O P O  2- b a n d  p lus  c o m m o n  
M in Ur2p,  Ur3p  , Ur5p  a t  p H  4 ur id ine  band  

VS in Ur2p,  Ur3p,  Ur5p  a t  p H  7, I I 
1135 cm -1 M in Ur, Ur2p,  Ur3p  , Ur5p a t  all p H  
119o M in Ur5p  a t  p H  4, only  R O P O 2 H  in 5 ' - p h o s p h a t e  

Ur2p  in alkali  
R O P O 2 H -  band  

Ur2p  b a n d  

Ur3p, U r s p  band ;  ana logous  to 
920 cm 1 band  of Ur2p  

Analogous  to 920, 94 ° cm -1 bands  
ROPO2 = band  

* The  following abbrev ia t ions  are used  in t he  tab les :  Ur  = Uridine,  Ur2p  = Ur id ine-2 ' -phospha te ,  
Ur3p  = Ur id ine -3 ' -phospha te ,  U r s p  = Ur id ine -5 ' -phospha te ;  Td  = Thymid ine ,  T d s p  = T h y m i d i n e -  
5 ' - p h o s p h a t e ;  Cd = Deoxycy t id ine ,  Cd5p = Deoxycy t id ine -5 ' -phospha te ,  Cr2p = Cyt id ine-2 ' -  
phospha t e ,  Cr3p = Cyt id ine -3 ' -phospha te .  The  s t r eng ths  of absorp t ion  b a n d s  are ind ica ted  as VS 
(very s trong),  S (strong), M (moderate) ,  W (weak), and  V W  (very weak). In  those  spectroscopic  
regions  in which  bo th  H~O and  DzO spec t ra  can  be observed,  a b a n d  listed as p re sen t  a t  a pa r t i cu la r  
p H  is also p re sen t  a t  t he  equ iva len t  pD,  unless  otherwise  indicated.  

References p. 26127. 
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T.XlH.E I (continued) 

77 .llJ~..s / , ID, .  /,,*ml 

I22o M in fir ;1{ pi t  4 
51 in Ur2p, Ur3p, /!r5p at p l l  4, 7; ~lpt)e~n's 

t<) split into two 1)ands, i_> 1o ('ill I ( \g) 
and 123o cm I (M) at pi t  Ii 

[ 2 S o ( l i e ( )  ) S in th -a t  pll t 
M in l'r->p, l ' r3p,  17r5p ;it I/|1 4, 7, I1 but  

displaced t,, 12ijo c11/ 1 ;it p l t  i , .  In 1)2(), 
this l);ind appears at  i3oo cm I ill ~ll] 
compounds al. ;ill pl). 

J32o 51 in [rr5p ;it p l l  4, 7,  i l 
Absent  in IYr-'p, I l r3p  

i33o M in [ : r  at p l l  4, I l r3p  at  4, 7, i i  
i345 M in { l r>p in H2() at all pH,  in D20 ;it 

p l )  7, I I :  i lot  detected in l)2() at  p l )  -t 
i 3 6  5 \V m I r 3 p ,  l l r5p  at p l l  4, 7 

S in I r - p ,  Ih'3p, l ; r sp  :it p t t  I I 
139o S in l : r ep ; t t  p t l  3; can' t  read ;it higher pit  
14oo M S in l i r ,  I : r3p, [ ' r5p  at  p i t  4 

M S in I r 3 p ,  l ' r5  P at p l l  7: can't  road ;it pH ~i 
141.5 S in I:r2p ;it pH 5, 7, 11 
t42o S in l ' r ,  I ' r3p,  I~r5p at p i t  4 

S in l ' r3p.  I ' r5p at pH 7: can ' t  read at p H i  i 
i415 15oo ,% in I ' r ; p  ;it pl)  4, 5 only. in 1)20 only 

S in I r 3 p .  I r s p  ;it pI)  4, 7, l i in ])2 ° 
S in l~r3p, [;r5p at p l [  i i only, in H20 
: \ l )scnt in Ur ; i t  p l )  .t 

1 4 6 0  \:S in {rr, [ ' r -p ,  (rr3p, Ilr5p at all pH 
I5OO VS in {~r->p, I ' r3p,  Ur5p at pD i I 
i525 S in t ! r 3 p ( m l y ; l t  pD l i  
i 5 6 o  M i n  [:r- 'p ; i t  pl) 3.(): S a t  p ] )  4 .7 ;  VS at 

pl)  7, 1~ 
1575 cnl 1 W in /lrel/, {'r3p, lrr5p at p l ) l i  
1015 ,~ in [rr at  pl) 4 

H in t!r5p t i t  pI)  4,7; shifts t ( )  1 0 o 5  c m  i 
; i t  t ) I )  I I a n d  is w e a k e r  

M ; i t  l f ) l O  t i n  I in l : r3p  at p l )  4 , 7 ,  [1 
M ; i t  I O l O  t i n  i l i l lTr>p at pD  4,7: sl/ i f ts t o  

l t K ) o  t ' l l l  I {1{ p ] )  I I 

[0,t5 \',% in all c'()mp()unds ;it all p l ) :  shifts t(> 
iO3<) c m  1 in [Tr3p, l ' r s p  ;it pl)  i i ; sllifts 
t o  1( )40  l i l t  1 in 17r_>p nt pD i I 

tOSo S in I. rr3p ; i t  p l )  4 
VS in Ur, [;r2p, l:r5p at pl)  4; shifts to 

iOqo cni 1 in IJr2p 
S in l!r-'p, l~r3p ;it pI )  7; VS in I ; r sp  
W in [ ' r -p .  l:r5p ;it pl)  J J; absent  in I~r3p 

a t  p ] )  I i 

]x't lJhtj ]( <, 

i2So(H2()} + ~ i 3oo(1 )2()) in alk;di 

An;/logous to i32o cm 1 ;/Ill] 
133 ° cm 1 band 
lonized ring band 

ITrzp band 

Urep l)and wi th ROt 'O 2 
l 'a i red wi th  i4oo cm i band 

Appears in al)sence o[ hydrogen- 
bonding 

Ionized ring band. 
Ur3p in alkali 
[ Trzp band 

Innized ring band 

17n-ionized ring band 

TABI .E  I[  

INFI-~A-RI~21) SPECTRA OF THYMII)YLIC ACID 

..t b s o r p t w n  Dand  I f e m a r k ~  

77 ° cm 1 M in Td5p at pD 3, 7; W at pD ]] Un-ionized ring band 
785 M in Td5p at pD I I, o n l y  Ionized ring band 
8oo \~7 in Td5p at pD 3, 7, J i 
87o "W in Td5p at pD 3, 7 ,  1 i 

895 W in Td5p at p] )  3, 7, i [ 
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TABLE II (continued) 
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Absorption band Remarks 

920 S in Td5p at pH 3, only 
932 M in Tdsp at pH 7, 9; VW at pH lO.7; 

probably present at pH 3 but  fused into 
920 cm -1 band 

975 Absent in Td at pH 7 ; absent in Td5p at pH 3 
S i n T d 5 p a t p H  7, i i  

990 M in Td at  pH 7; M in Td5p at pH 3, 7, i i  
lO4O (D~O) M in Td, Td5p at all pH ; shifts to 

lO6O cm -1 in H~O 
lO85 Absent in Td 

S in Td5p at pH 4, V S a t  pH 7, i1 
(increase in s t rength at pH 7, i I more 
easily seen in H20 ) 

11o 5 M in Td at pH 7 
M in Td5p at pH 4 ; VS at pH 7, i i 

114o V~f in Td at  pH 7; W in Td5p in H20 only 
at pH 3, only 

119o \V in Td at pH 7 
S in Tdsp  at pH 3; V\V in Td5p at pH 7; 
M i n T d s p  a t p H  1I 

12oo W i n  Td at pH 7 
W in Td5p at pH 7, I i ; may be hidden by 

119o cm 1 band at  pH 3 
123o M in Td at pH 7 

M inTd5p  a t p H  3, 7, i i  
128o(H~O) S i n T d a t p H  7 

S in Td5p at pH 3, 7, II, bu t  displaced to 
1 3 o o  c m  - 1  at  pH II.  In D20 this band 
appears at  13oo cm -1 at  all pD. 

132o M in Td, Td5p at pH 3, 7, II 
136o S in Td5p at pH i i  
138o S inTd ,  T d 5 p a t p H  3, 7, i i  
1418 M in Td, Tdsp  at pH 3, 7: can ' t  read a t p H  II 
I415-I5IOCm 1VS i n T d s p i n  D ~ O a t p D  3, 7, i i  

VS in Td5p in H20 at pH i i ,  only 
1475 S i n T d a t p H  7 

VS in Td5p at pH 4, 7, i i  
1485 S i nTd5p  at pH i i ,  only 
158o VS inTd5p  at pD i i ,  only 
16oo W-M in Td5p at pD i i ,  only 
162o S i n T d s p  a t p D  3, 7; absent a t p D  II 
165o VS in Td5p at all pD 
167o S i n T d 5 p a t p D  3, 7; absent  a t p D  I i  

ROPO2H-  band 
Un-ionized ring band 

ROPO2 = band 

IO4O(D~O)+--+IO6O(t{20 ) 

Phosphate  band plus ROPO 2- 
in 5 '-phosphate 

ROPOa = band plus common 
thymidine band 

ROPO2H- band in 5 '-phosphate 
plus common thymidine band (W) 
plus ionized ring band 

128o (H20) <---~ 13oo (D20) or alkali 

Ionized ring band 
Methyl deformation band 

Appears in absence of hydrogen- 
bonding 

Ionized ring band 
Ionized ring band 
Ionized ring band 
Un ionized ring band 

Un-ionized ring band 

TABLE III  

I N F R A - R E D  S P E C T R A  OF C Y T I D Y L I C  A C I D S  

Absorption band Remarks 

760 cm -1 

780 

790 

S in Cd, Cr2p, Cr3p, Cd5p at pD 3 
M in Cdsp a t p D  5, 7, i i  

V W i n  Cr2p, Cr3p at pD 5, 7 
M in Cr2p, Cr3p at pD 1i 

Absent in all compounds at pD 3 
W -M in Cr2p, Cr3p, Cd5p at pD 5, 7, II 
W -M in Cd, Cr2p, Cr3p, Cd5p at all pD 

Ionized ring band plus a band 
which appears in the deoxy- 
nucleotide, but  not  in the ribose- 
nucleotides until  the rupture  of 
hydrogen bonds by alkali 
Un-ionized ring band 

"Weaker than  78o cm -1 band in 
Cr2p; same strength as 78o cm -1 
band in Cr3p, Cd5p 
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"I'A I'H.I: I l l  

v .~ l,~,,rpli.n 

870 

9o6 
920 

94 ° 

975 

I O O O  

Io4o(D20)  

lO9O 

1105 

119o 

12o 5 

124o cm 1 

129o 

132o 

134o 

1365 

138o 

139o-148o 
1412 

continued) 

W in Cd5p only at pD 3, 5, 7, I 1 s trongest  
at pD I I 

bl in Cr2p only, at pH 5, 7, I I 
\V in Cd at pH 3; 
M in Cd5p at p f t  3, 5; V\V at p H  7, I 1 
M in Crep at pH 5 : absent  at p H  7, I I 

S in Cr3p at p H  5; absent  at p H  7, l i  
M in Cd at pH 3, 7; M in Cd5p at all pH 
Absent in Cr-p ;  W in Cr3p at all p H  
Absent  in Cd at p H  3, 7 
Absent in Cr2p, Cr3p, Cd5p at p H  3 
M in Cr2p, ( 'r3p , Cd5p at pH 5 
S in Crep, Cr3p, Cd5p at p H  7, i i 

W M in Cd, Cd5p at alI p i t  
Absent in Cr2p, Cr3p 
M in all compounds  at all pH;  shifts to 

i o 0 o c m  i in H 2 O e x c e p t i n C r 3 p a t p H  11 
Absent  in Cd 
S in Crep, Cr3p, Cd5p at all p H  
S i n C d  at p i t  3; W a t p t t  7 

M-S in Cd5p a t p H  3; S a t p H  5, 7, r t ;  
stronger at pH 7, i l ,  than  at p H  5 

S in Cr2p, Cr3p at p H  5, 7, ~ I : s t ronger at 
p H  7, l l ,  than at p H  5 

M in Cd5p at p H  3, 5 : absent  at p H  7, 11 ; 
fused with 12o 5 cm 1 band 

Absent  in other  compounds  
M in Cd, Cr3p, Cd5p at all pH;  
M at l z l o c m  1in Cr2p at a l l p H ;  weaker, in 

all compounds  at p H  7, 11, than at p H  5 
\V-M in Cd at p H  3, 7 

Absent in Cd5p at t3ft 3: W at p H  5, 7, ~l 
Absent  in Cr_,p, Cr3p at all pH 
M in Cd, Crep, Cr3p, Cd5p at all pH;  shifts 

to ~28ocm ~ a t p H  3; shifts to 13oocm ~ 
in Cr3p, Cd5p at p i t  11 ; shifts to 131o t in 1 
in Cr2p at pH i l 

M in Cd at pH 3, 7 
M inC d5p  a t p H  3, 5, 7, l l ;  at 1312 cm 1 

at pH I t 
M in Crep at pH 5, 7, I 1 : absent  in D20 at 

pD ~l 
M in Cr3p at p f t  5, 7, i i: absent  in D20 at 

pD l 1 : shift to I3t2  cm 1 in H20 at p H  I t 
\V in Cd at pH 3, 7 in H20 only 
\V in Cd5p at p H  3, 5, 7, 11 in H20; \V at 

pD 7, I~ only, in D20 
M in Cr2p at p H  5, 7, 1i in H20;  M in D20 

at pD 7, VV in D20 at pD 5, 1 
M in Cr3p at pH 5, 7 in H20;  M in D=O at 

pD 7; \ V i n H 2 0 ,  D20 a t p H  II;  \ V i n  
D=O at pD 5 

M in C d i n  H 2 O a t p H  7 
M in Cd5p in H=O only, at p H  5, 7, i l 
Absent  in Cr2p, Cr3p 
M in Cr2p, Cr3p in H20 only at p i t  5, 7, r l  

S diffuse band  in all compounds  in D20 
M in Cd, Cd5p at  all p H  
S in Cr-p, Cr3p at all p H  

I~cmalJ'~ 

Cd5p band 

Cr2p band 
I{OPO2H band 

W or absent  in ribose-nucleotides 

ROPO 2 band 

Deoxyribose band 

1o4o (D20) ,--~ 10(,0 (H20) 

Phospllate band 

Ionized ring band plus ROPO 2 - 
band 

ROPO=H in 5 ' -phosphate  

Sensitive to hydrogen-bonding 

Sensitive to hydrogen-bonding 

Un-ionized ring band  in deoxy- 
ribonucleotides, t-I~O only 

Un-ionized ring band in ribo- 
nucleotides, H20 only 
DeO band 
Stronger in ribose-nucleotides 
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A bsorption band Remarks 

1445 W i n  Cd, Cd5p at  p H  3, 5, 7; absent  at p H  I I  
1458 W in all compounds  at all p H  
149o (H20) Absent  at p H  3 

VS in all compounds  at p H  5, 7, I I ; shifts to 
15o 5 cm -1 in D20 

153o M in all compounds  at  all pH;  fused to 15o 5 
band  in D~O 

1545 S in Cd, Cd5p at pD 3; absent  in Cd5p at 
p D 5 , 7 ;  M i n C d 5 p a t p D  I I  

156o cm -1 M in Cr2p at pD 5, 7; S at pD i i  
M in Cr3p at pD 5, 7, i i ;  shifts to 1545 cm -1 

at pD I I  in Cr2p, Cr3p 
159o M in Cd at pD 3 

M in Cd5p at pD 3, 5, 7, i i ;  shifts to 
1585 cm -1 at  pD I I  

161o S in Cd5p at pD 5, 7, I I  
S in Cr2p; at 162o cm -1 at pD 5; at  

1625 cm -1 at pD 7; at 16oo cm 1 at pD i i  
S in Cr3p; at 162o cm -1 at pD 5; at 

1625 cm -1 at pD 7, I I  
1648 VS in all compounds  at all pD 
17o2 S in all compounds  at pD 3 

M in all compounds  at pD 5; shifts to 
169o cm -1 

Absent  at  pD 7, I I  

In  deoxy-nucleotides only 

Un-ionized ring band  
I49o(H20  ) ~ > I5o5(D20 ) 

Ionized ring band in 5 ' -phosphate  

In  ribose-nucleotides only 

In  deoxy-ribose nucleotides, only 

Un-ionized ring band 

Ionized ring band  

Because of the absorption of water, all bands in the regions 650-900 cm -1 and 
15oo-17oo cm -1 are observed in D,O spectra only. Because of the absorption of D,O 
all bands in the region 115o-128o cm -1 are observed in H~O only. With almost all 
nucleotides, a strong but  diffuse band was observed over the entire region 138o- 
15oo cm -1 in D,O; this band so distorted the spectra that  only the H~O spectra could 
be used in this region. Other regions than those mentioned were observed in both H20 
and D~O spectra. Differences between the two sets of spectra in these regions are noted 
in the tables. 

DISCUSSION 

Vibrational assignments are suggested for many  of the stronger bands in Tables I, 
I I ,  and I I I .  Because of the complexity of the compounds concerned these assignments 
must be regarded as tentative until complete spectra on more, and appropriately sub- 
stituted, nucleotides are available. 

Phosphate bands and phosphate position. A strong band at 915-92o cm -1 appears 
to be associated with the singly ionized phosphate radical (ROPO~H-). Upon secondary 
ionization (ROPO3=), this band disappears and new strong bands appear at 975 and 
1Io5-11Io cm -1. In addition all phosphorylated compounds have a strong band at 
IO85-~o9o cm -1 at all pH values studied (pH 3~II).  

Certain bands appear to be correlated with the phosphate position on the sugar 
ring. Such bands may be quite useful for purposes of identification. Thus both 2'-phos- 
phates studied appear to have a band of moderate strength at 907 cm -1 at alkaline pH, 

ReJerences p. 26/27. 
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800 1000 1200  1400 1600cm -1 
I I i I i i i I 

pH = 2.5 

pH = 5.0 

Fig. I. Infra-red abs(~rp- 
tion spectra of deoxy- 
cytidylic acid in It2(), :it 
various t)H. 

1 I 

pH= 7 . 0  

L 
I I I 

I I I I 

pH=11.0 

800 1000 " I200 1400 1600cm -'I 

Fig. 2. Infra-red absorp- 
tion spectra of deoxy- 
cytidylic acid in D20, at 
various pD. 
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All 5 ' -phospha tes  appea r  to  have a b a n d  at  119o cm -1 associa ted wi th  s ingly ionized 
phosphate .  Other  bands ,  charac ter i s t ic  of specific phospha te  posi t ions in specific com- 
pounds  are summar ized  in Table  IV. These bands  appea r  to  indicate  the  presence of 
s t rong and s t ruc tu ra l ly  specific in te rac t ions  be tween  the  phospha te  groups and  the  
pyr imid ine  rings. 

In  o ther  instances,  there  appears  to  be a regular  shift  of the  band  pos i t ion  with  
r emova l  of the  posi t ion of phospha te  a t t a c h m e n t  from the  pyr imid ine  r ing (i.e., the  
92o, 94o, 95o cm -1 band  group and the  132o, 133o, 1345 group in the  ur idyl ic  acids). 

Previous  s tudies  b y  BELLAMY AND BEECHER26, 27 of the  inf ra- red  spec t ra  of organic 
phospha te s  ascr ibed a band  at  lO3O cm -1 to the  P~O-~C linkage.  In  a la te r  pape r  2s 
i t  was suggested t ha t  th is  band  arose from the  C~O-* por t ion  of the  l ink (vide in/ra) and 
t ha t  a band  at  98o cm -1 arose from the  P - O -  por t ion.  This  l a t t e r  band  does not  appear  
to  be present  in these ionized s t ructures .  

Re/erences p. 26/27. 
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Y-phosphate 3'-phosphate 5"-phosphate 

v ~ pH ~ 7 pH ~ ~ pH 

906 c m  -1 Cr2p  5, 7, I i 
907 U r 2 p  I I 
920 U r 2 p  7, I I 

139o U r 2 p  4 
14I  5 U r 2 p  7, i i  
156o U r 2 p  4, 7, I I  

94 ° cm -1 Cr3p  3, 7, I I 
94 ° U r 3 p  7, i i 

1525 U r 3 p  I I  

7 9 5 c m - 1  U r 5 p  4, 7, I I  
87o C d 5 p  3, 5, 7, i I 

94 ° U r 5 p  7, i i 
1085 U r 5 p  7, I i 
l o 8 5  T d 5 p  7, i I 
i 19o U r 5 p  4 
i 190 T d s p  3 
119o C d 5 p  3, 5 

The strong band at I25O-~I3oo cm -1 ascribed to the P-O group does not appear in 
these ionic phosphate structures, as was observed by BELLAMY 2~. 

MORALES AND C E C C H I N I  1~, comparing the spectra of adenosine and adenosine- 
5'-phosphate dried from aqueous solution, observed the appearance of new bands at 
870, 938, 987, lO82, and 1122 cm -1 in the phosphorylated compound. As the adenosine- 
5'-phosphate was neutralized before drying, the 1122 cm -1 band shifted toward IlOO cm -1, 
the 987 cm -1 band became stronger and shifted toward 976 cm -1, and the 938 cm -1 
band became weaker. The lO82 cm -1 band may be correlated with our lO85-1o9o cm -1 
band, the 938 cm -1 band with our 920 cm -1 band for singly ionized phosphate, and the 
IlOO cm -1 and 976 cm -1 bands after neutralization, with our I I iO and 975 c m-1 bands 
for doubly ionized phosphate. The other bands of MORALES AND CECCHINI may be 
specific to the nucleotide concerned. 

Infra-red spectra of various inorganic phosphates3,2Lm,29, 8° provide many more 
bands than are observed with the nucleoside phosphates and no simple correlations 
can be made. 

H~O~D~O Shifts. In those spectral regions that permit comparison of the spectra 
in water and in D20, three distinct effects are observed. The moderate lO6O cm -1 band 
in H~O shifts to lO4O cm -1 in D20 in all compounds. The strong 128o cm -1 band in 
H~O shifts to 13oo cm -1 in D20 in the uracil- and thymine-containing compounds. The 
strong band at I49 ° cm -~ in the cytosine containing compounds shifts to 15o5 cm -~ 
in D~O. 

The slight shifts of the lO6O and 128o cm -1 bands in D20 are believed to be caused 
by the replacement of H atoms by D atoms, with the consequent weakening of hydrogen 
bonds to atoms involved in the vibrations which give rise to absorption bands. Weaker 
hydrogen bonds would raise the frequency of a stretching vibration and lower the fre- 
quency of a deformation vibration. 

It is tentatively suggested that the lO4O-lO6O cm -1 band be assigned to a hydrogen 
bonded C- O stretching frequency 31-85 and the 128o-13oo cm -1 band to a hydrogen bonded 
C-O deformation frequency 3,18, s~, 84. 

It  is noteworthy that these two frequency shifts occur in H~O at alkaline pH, as 
well as in D~O (vide in/ra). 
Re/erences p. 26/27. 
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Absorption in the i49o cm -~ region appears to arist, from a fin,< vibrati,m in lh/' 
un-ionized cytosine-containing compounds. 

De/ormalion /reque;,:ies. B R O W N L I E  s, a n d  .qH()IZT AND "l ' t t()bll 'S()N u, ha \ ' ( ,  s u g g e s t e d  

that  the 1:22o-I23 ° cm 1 band found in pyrimidine spectra ma\' bc ;m "in t~lam ' ' '  ( -1-[ 
deformation. A band of moderate intensity is found in all compounds in this region 
(12o5 cm -1 in cytosine-containing compounds, 122o cm ' in uracil-containing compounds, 
and 123 ° cm -1 in thymine-containing compounds) and is tentativolv assigned to this 
vibration. 

The same authors found an absorption band at 8IO-825 cm 1 ill all pyrimidines 
except tetra-substituted rings, which BROWNLn~ s ascribes to a G-H ont-of-plane vi- 
bration. A weak-to-moderate absorption band is found in all compounds studied in this 
general region (79 o cm -1 in cytosine-containing compounds, 81o cm -~ in uracil-contain- 
ing compounds, and 8oo cm -~ in thymine-containing compounds), which is tentatively 
assigned to this vibration. 

The moderate band at 138o cm ~ in all thymine-containing compounds is almost 
certainly to be correlated with the symmetrical deformation frequency of the methyl 
group when attached to a C atom a. 

The deoxy-ribose-containing compounds examined have a moderate absorption 
band at 99O-lOOO cm * which is absent in the ribose-containing compounds. 

I5OO-I7oocm -~ region. A summary of the absorption bands observed in this 
region (excluding those observed with only a particular position of phosphate attach- 
ment) is presented in Table V. 

"ITA BLIp2 V 

C O M M O N  B A N D S  O F  1 4 8 0 - - I 7 O O  Cl l l  I R E G I O N  

l ,' r i d y l i c  T h y  m i d y l l ,  ( : ~'t i d  'l ic  

. . . . . . . .  l ( '  I '* 1 U 

1 5OOCI711 -1 

,575 (w) 
I615  ,(315 
1645 *645 
168o 

1 4 8 5 c m  1 J:5o5c m , 
t 58o  t 5 3 o  153ecru J 

t 62o  t6oo  J 156° I 150o 
t 6 5 °  r 6 5 °  / , 59o  I 150o 
~67o I(1IO 

I(548 fo4S 
[ 702 

* I5 = u n - i o n i z e d ;  I = ion ized .  

Any interpretation of these bands is contingent upon various assumptions con- 
cerning the existence of ketonic or enolic structures and of animo or imino structures. 
Evidence from both ultra-violet and infra-red spectroscopy ~, 10, a6, av, as, a9 and from X-ray 
diffraction analysis 4°, 41 favors the assumption that ketonic structures are predominant, 
at least when the substances are in neutral solution or in crystalline form. 

Evidence has been presented that singly-substituted amino pyrimidines are in the 
amine form 1°, but no comparable evidence exists for cytosine and its nucleotides. The 
X-ray diffraction data of FURBERG indicate a very short C,~N distance, suggesting 
at least an approximation to the imino form, when uncharged (in the crystal)*. 

* E v e n  t h o u g h  t h e  s h o r t e n e d  C N d i s t a n c e  ( i .31  A) i n d i c a t e s  c o n s i d e r a b l e  d o u b l e  b a n d  c h a r a c t e r ,  
t h e  N m a y  s t i l l  b o n d  t w o  h y d r o g e n  a t o m s ,  as  is t h e  case  in a d e n i n e  42 (C-N d i s t a n c e  .... 1.3o A). 

Re/erences p. 26/27, 
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Upon ionization (in acid) a shift to the ammonium form would be expected (Fig. 

H + 
O ~ c / N ~ c / N H ~  O ~  C / N ~ c # N H  O ~ c / N ~ c / N H 3  

I I i I I I 
;N\c CH ; -.cffCH ;R\c CH 

R H R R H 

A m i n e  Imi ne  A m m o n i u m  

Fig. 3. Possible  s t ruc tu res  of the  cy tos ine  nucleotides.  

3). 

In alkaline solution, both uridylic and thymidylic acids enolize and ionize. Fox AND 
SHUGAR 37 have presented considerable evidence that enolization takes place on the 
C 4 carbonyl of uridine (as contrasted to enolization of the C 2 carbonyl in uracil). By 
analogy, this result was presumed to be valid for thymidine, without, however, pre- 
sentation of direct evidence. 

The marked similarity of the uridylic and thymidylic 
acids 1 infra-red spectra in the i6oo-i7oo cm -1 region at 
pH 7, and their obvious difference at pH lO. 7 (Fig. 4) 
strongly suggest that  the two enolize in different positions; 
if uridylic acid (by analogy to uridine) enolizes at C4, it is 
suggested that  thymidylic acid enolizes at C v 

Assignments of individual bands in this spectral 
region can only be made by reference to comparable 
spectra of variously substituted pyrimidines. Unfortu- 
nately the possibilities of such comparison are limited by 
the paucity of spectra of N 1 substituted pyrimidines 
(which would be comparable to the nucleotides) and by 
the circumstance that  most infra-red spectra of pyrimid- 
ines have been obtained with the material in the form of 
a crystalline powder (suspended in a Nujol mull). Such 
crystalline specimens often give rise to absorption bands 
caused by inter-molecular effects and hence not found in 
solution spectra ~s. 

The infra-red spectra of uridylic and thymidylic acids 
at pH 7 are generally similar to that  of uracil4, 9 but dis- 
placed toward lower frequency. The group of three bands 
at 17oo-175o cm -1 in uracil may be compared to the 
169o cm -2 band of 1,3 dimethyl uracil and the 168o cm ~1 
band or uridylic and thymidilic acids in this region and 
may be ascribed to the C 2 carbonyl (various degrees of 
hydrogen bonding in the crystals may give rise to the split 
band of uracil). The I65o and 167o cm -1 bands of uracil 
may be compared to the 164 ° and 166o cm -1 bands of 
1,3 dimethyl uracil and to the I62o and 165o cm -1 bands 
of uridylic and thymidylic acids and may be ascribed to 
the -C = C -  C 4 = O grouping*, * *  

* T h a t  t he  C5-C 8 l ink  in uraci l  can  be p roper ly  descr ibed as 
v iew of the  nea r  e q u a l i t y  of t h i s  bond  l eng th  (1.41 A) w i t h  t h a t  

Re[erences p. 26/27. 

1450 1600 1750cm - I  1450 1600 fTSOarn -1 
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pD - 6.9 pO = Z 
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pO= lO.; 

A 

i 

pD = 1C 

I I 
1450 1600 17"50cm -1 I ~ 0  1600 f750cm - I  

Ca) (o) 
Fig. 4. Inf ra- red  spec t ra  in 
D~O, a t  pD  7 and  I I of (a) 
Ur id ine -5 ' -phospha te ;  (b) T h y -  

mid ine -5 ' -phospha te .  

a double  bond  is ques t i onab le  in 
of the  C~-C~ l ink 4°. However ,  the  
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Upon enolizaiion and ionization at the C 4 t)osition (Fig. 5), the chain of c()nju~ation 

-C : C - C = N- (72 O. become analogous to that  in 2-1<et~ pyrimidine'. The I5o0 
I6~5, and 1645 cm -1 bands of ionized nridylic acid may be directl\' compan'd with 
the 153 o, r59 o, and I63o cm bands of the latter compound. 

~4 
o C~ _. x } ~  ~; ( )  ( )  c x (, () 

5C /-N. Cfl  C ;- N !  (' : /  H F 
I C 

R F1 R 

Fig. 5. Ionization of uracil nucleotides at C4. 

If thymidylic acid enolized (and ionized) at the C~ position (Fig. 3) the conjugated 
structure would resemble tha t  of 4-keto pyrimidine. This compound has infra-red 
absorption bands at I52o(S), I59o(S), I6o5(W ) and a pair of bands (S) at 167o and 
171o cm -1. I t  is suggested that  these may be homologous with the 1485(S ), I58o(S), 
I6oo(W), and I65o(S) cm -1 bands of ionized thymidylic acid. 

The lack of spectra of appropriately substituted cytosine derivatives, combined 
with uncertainty as to the amine or imine character of the C~ substitution, makes inter- 
pretation of the cytidylic acid spectra in this region extremely uncertain. The dis- 
appearance, upon neutralization, of the I7oo em 1 band which is prol)ably produced by 
the C 2 = O, may be correlated with the expected greater importance of imino type 
structures after neutralization, with corresponding changes in the electronic structure 
of the pyrimidine ring. The other bands in this region cannot be assigned at this time. 

Kelo-e~wl transitions. Although assignments of frequencies to specific groups within 
conjugated heterocyclic rings must,  at present, involve a considerable degree of arbitrary 
judgment, frequencies can clearly be assigned to the un-ionized ketonic form or the 
ionized enolic form of the rings, on the basis of their variation upon shift of the pH from 
neutrality to alkaline (pH II) .  In this way, both uridylic and thymidylic acids can be 
said to have a band at 765-77 ° cm -~ which is present only in the un-ionized, ketonic 
form. In addition, the 92o-05 ° and 168o cm -x bands of uridylic acid and the 932, 162o, 
and 167 ° em -~ bands of thymidylic acid are present only with the unionized form. 

Upon ionic enolization, these bands disappear to be replaced, in uridylic acid by 
bands at 78o, 1365, I5OO, and 1575 cm -~, and in thymidylic acid by bands at 785, I36o, 
1485, 158o, and 16oo cm ~-~. 

Amine (imiue) -c~mmonh~m transitions. Similarly, bands which disappear, or appear, 
in the spectra of the cytidylic acids as the pH is raised from 3 to 5.5 can be assigned 
to the ammonium or amine (imine) form of the ring structure respectively. In  this way, 
the bands at 76o, 11o5, I545, and 17o2 cm -~ can be assigned to the ammonium form, 
and bands at 78o, I365 or I38o, 15o5 and I6 Io  cm -1 are associated with the amine (or 
imine) form. 

E~ects o/ intm-molecular hydrogen bonding. Numerous effects, of alkali, of D~O 
solution as compared to H20 solution, of the 2'-hydroxyl of the ribose-nucleotides, and 

ring s t ruc iure  m a y  be changed upon subs t i tu t ion  of the N 1 position, in  cytidine 4t, the  C,-,-(; 6 link 
is reduced to 1.32 A. 

** Infra-red spectra recently obtained by SCOTT ~e, of I-, 3-, and 1,3-dimethyl uracil and the 
corresponding 5,6 dihydro-compounds,  in b romoform solution, suppor t  these assignments.  

Re/erences p. 26/27. 
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of phosphate position appear to be more easily explained as consequences of intra- 
molecular hydrogen bonds. These bonds appear to be somewhat stronger in the cytosine- 
containing nucleotides than in the uracil- and thymine-containing nucleotides. Evidence 
of strong intra-molecular hydrogen bonding in phosphorylated compounds has been 
previously presented by BELLAMY 27. 

In the spectra of the cytidylic acids three pairs of bands appear in which the position 
of the band in the desoxyribose-containing compounds is shifted from the position of 
the corresponding band of the ribose-containing compounds. The 1365 cm -1 bands of 
the former is considered to be equivalent to the 138o cm -1 band of the latter (both are 
associated with the amine form of the ring) and similarly for the 1445 and 1412 cm -1 
bands and the 159 ° and 156o cm -1 pairs of bands. These slight displacements of fre- 
quencies which probably represent ring vibrations are apparently caused by interactions 
between the ring and the 2'-OH or 2'-phosphate. 

A variety of anomalous bands shifts in the spectra of the nucleotides are observed 
in alkaline solution ; these may appear in D20 and not in H~O or vice versa. In the spectra 
of the cytidylic acids which do not dissociate in this pH region, it seems reasonable to 
ascribe these shifts in frequency to the weakening or rupture of intra-molecular hydrogen 
bonds by the presence of OH- (or OD-). 

Similar effects may appear in the spectra of the uracil and thymine nucleotides 
but their detection is made difficult by the concomitant enolization and ionization in 
alkaline pH. By comparison of the spectra at pH 7 (ketonic), pH 9 (partially enolic) and 
pH I I  (enolic) it is possible to determine whether a particular band shift such as the 
765-780 cm -1 shift in the uridylic acids is caused by the enolization and ionization (the 
765 cm -~ band is weaker at pH 9 and absent at p H I I  ; the 780 cm -1 band is weak at 
pH 9 and strong at pH II) or, as is the 81o-82o cm -~ band shift, is caused by rupture of 
hydrogen bonds (the band is still at 81o cm -1 at pH 9 and shifts abruptly to 820 cm -1 
at pH II). 

The strong, diffuse band which appears in the 139o-15oo cm -1 region of all these 
nucleotides in D20 (and at alkaline pH in H~O in the uracil- and thymine-containing 
nucleotides) is apparently a band which is easily shifted or destroyed by hydrogen- 
bonding. It  is therefore absent (or much weaker) in H20 than in DzO, except at alkaline 
pH, and is absent in Ur2p even in D20 when the phosphate acquires a double negative 
charge. 
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SI 'MM .\ RY 

Inf ra- red  absorp t ion  spectra  of several  py r imid ine  nucleosides and nm[eo t i de s  have  been 
ob ta ined  in H20  and  in 1)cO s~flution. By correlat ion of the  appea rance  and d i sappearnnce  of a l .  
sorpt ion b a n d s  upon  w/riat ion of the  p H  of these  solut ions  with the  known dissociat ion c o n s t a n t s  
of amine,  enolic, and  p h o s p h a t e  groups,  the  a s s i g n m e n t  of bands  t .  specific a tomic  groups  has  been 
grea t ly  facili tated. A s s i g m n e n t s  are presented  for var ious  ionic p h o s p h a t e  frequem'ies,  bond s t re tch ing  
and  de fo rma t ion  frequencies ,  f requencies  associa ted  with amil le-amn~oniun]  and keto-enol transiti~ms. 
and  frequencies  associa ted  with cer ta in  con juga ted  r ing s t ruc tu res .  Evidence  is presented  ind ica t ing  
t he  ex is tence  of s t rong  in t ra  molecular  hydrogen  bonds.  These  d a t a  are correlated with previ~ms 
infra-red and  u l t ra -v io le t  absorpt ion  and X-ray  diffraction da ta  pe r t a in ing  t~, these  compounds .  

R t::S U Ml~'; 

Des  spect res  d ' a b so rp t i on  des r ayons  inf ra- rouges  de p lus ieurs  nucidosides et nucld0t ides  
pyr in l id in iques  on t  6t6 ob t enus  dans  H=O et  dans  une  solut ion de D20.  E n  6 tab l i s san t  une  correla t ion 
entre ,  d ' u n e  par t ,  l ' appar i t ion  et  la d i spa r a t i on  de bandes  d ' abso rp t ion  selon la var ia t ion  du p H  
de ces so lu t ions  et, d ' a u t r e  par t ,  les c o n s t a n t e s  de dissociat ion connues  du groupe amino,  du groupe 
6nolique et  des groupes  phospha t e s ,  on a beaucoup  facilit6 l ' a s s igna t ion  de bandes  ~ des g roupes  
a ton l iques  sp6cifiques. On pr6sente  ici des ass igna t ions  pour  les f rdquences  de l ' ion phospha t e ,  pour  
Ies f r6quences  de l ' a l l ongemen t  et de la d6format ion  de liaisons, pour  les f r6quences  associ6es avec 
les t r an s i t i ons  a m i n e - a m m o n i u m  et k6to-6nol et  pour  les f rdquences  associ6es avec cer ta ines  s t r uc tu r e s  
de n o y a u x  conjug6s.  On  pr6sente  aussi  des fai ls  qu i  i nd i quen t  l ' ex is tence  de fortes  l iaisons d ' hyd rog6ne  
in t ra-mol6cula i res .  La  cor respondance  de ces donn6es  avec des donndes  p lus  anciennes ,  re la t ives  
h l ' ab so rp t ion  de r ayons  inf ra - rouges  et  u l t rav io le t s  et la diffraction des r ayons  X pa r  ces conaposds, 
est  auss i  indiqu6e.  

Z U S A M M E N F A S S U N G  

I n f r a r o t - A b s o r p t i o n s s p e k t r e n  n lehrerer  Py r imid innuk leos ide  und  Nukleo t ide  w u r d e n  in H20-  
u n d  D 2 0 - L 6 s u n g  darg.estellt.  D u r c h  Korre la t ion  des Er sche inens  u n d  Verschwindens  der Absorp t ions -  
b~nder  w~hrend  der A n d e r u n g  des p H  dieser L 6 s u n g e n  mi t  den  b e k a n n t e n  D i s soz i a t i onskons t an t en  
der  Amino- ,  Enol-  u n d  P h o s p h a t g r u p p e n  wurde  die Z u o r d n u n g  der B/inder  zu b e s t i m n l t e n  Atom-  
g ruppen  b e d e u t e n d  erleichtert .  Angef f ih r t  werden verscl l iedene ionische P h o s p h a t f r e q u e n z e n ,  
B i n d u n g s s t r e c k u n g s -  u n d  Ver fo rmungs f r equenzen ,  F requenzen  in1 Z u s a m m e n h a n g  mi t  Amin-  
A m m o n i u m -  u n d  Keto-Enol - [ )berg / ingen ,  sowie auch  F requenzen  im Z u s a n l m e n h a n g  mi t  gewissen 
kon jug i e r t en  R i n g s t r u k t u r e n .  Es  werden  T a t s a c h e n  angef i ih r t  welche auf  das  V o r h a n d e n s e i n  s ta rker  
i n t r a -moleku la re r  W a s s e r s t o f f b i n d u n g e n  schl iessen lassen.  Diese Angaben  s ind zur  ( ! b e r e i n s t i m m u n g  
geb rach t  m i t  f rSheren  A n g a b e n  fiber In f ra ro t -  u n d  Ul t rav io le t -Absorp t ion  u n d  ROntgens t rah len-  
d i f f rakt ion  im Z u s a m n l e n h a n g  mi t  diesen Verb indungen .  
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