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POLARIZED MICRO RAMAN 
SPECTROSCOPIC STUDIES OF NUCLEIC ACID : 

MONOPHOSPHORIC ACID 
AND 

THE ORIENTATION OF EKYPOXANTHINE RESIDUE IN 
POLY(rI)*POLY(rC) FIBER* 

LOCAL RAMAN TENSORS IN INOSINE-5'- 

Koichi Ushizawal , Toyotoshi Uedal*, and Masamichi Tsuboi2 

'Department of Chemistry, Meisei University, Hodokubo, Hino, Tokyo 191, Japan, 
2Department of Fundamental Science, Iwaki-Meisei University, Iwaki, Fukushima 970, 
Japan 

Abstract: The polarized Raman spectra of a single crystal of the barium salt of inosine 
monophosphoric acid hexahydratc (Ba-IMP.6H20) have becn observed with 488.0 nm 
excitation. For each Raman band, the relative intensities of aa, hh, cc, ab and hc tensor 
components have been determined. The tensor quotients from the crystal were augmented 
with measured dcpolarization ratios in solution. From these experimental data, the shape 
and orientation of the localized Raman scattering tensor were deduced for each of the 
normal modes of the hypoxanthine residue, phosphate moiety and ribose portion. The 
hypoxanthine residue gives a strong Raman band around 1553 cm-1, which shows rather 
large depolarization ratio, p = 0.32, in aqueous solution, and shows a great scattering 
anisotropy in the single crystal of IMP. The shape and orientation of the Raman tensor 
associated to this 1553 cm-l vibration have been determined: one of its principal axes 01- 
axis) is directed along the long axis (Nl-N7) of the hypoxanthine residue and the relative 
magnitudesof its components are given as rl = tx,,/a,, = -1, r2 = ayy/a,, = 12. Next, a 
general relation has becn shown between the orientation angles (0 and x) of such a local 
Raman tensor in a uniaxial biological fiber and the anisotropy of Raman scattering 
intensities from the fiber. By the use of this rclation, a discussion has been made of the 
orientation of the hypoxanthine residue in a poly(r1). poly(rC) duplex fiber. 

$This paper is dedicated to Professor Yoshihisa Mizuno on the occasion of his 75th 
birthday. 
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570 USHIZAWA, UEDA, AND TSUBOI 

INTRODUCTION 
This is a part of our series of studies carried out with an attempt to promote a new type 

o f  application of Raman spectroscopy to biomolecular research, in which polarized 
radiations and well-oriented crystals are dealt with. Along this line, single crystals of 
d(CGCGCG)21, ATP2, thymine & thymidine?, cytidine & deo~ycy t id ine~ ,  uridylyl- 
(3',.5')-adenosine~, aspartame6 and acet~l-L-tryptophan7, and oriented fibers of A- & B- 
DNAR, poly(rA)~p~ly(rLJ)~, fowl feather barb9 and some other biopolymers'O have so far 
been subjected to our examinations. 

In the classical Raman effect, i.e. when visible laser excitation is employed to excite 
the Raman spectrum, the intensity of each Raman band is determined by the change of 
polarizability associated ivith the corresponding normal mode of molecular vibration. The 
polanzability derivatiir tensor (Raman scattering tensor) is defined by the orientation of the 
principal axes, x, y and z ,  with respect to the atomic group in the molecule, and by the 
i-elative magnitude of the components, a,,, aYr and az, of the polarizability derivative 

with respect to the normal coordinate i n  question. Once this is established, this would 

facilitate to determine the orientation of atomic groups (base residue, phosphate moiety and 
ribose portion) in  a given biological system. As data for determining such Raman tensors, 
polarized Raman spectra of proper single cystals are primarily relevant, and as an auxiliary 
data, dcpolarimtion ratios for relevant molecules oriented randomly in solution are useful.' 1 

I n  our present work, rnosine-monophosphoric acid crystal with a known structure' * has 
been subjected t o  our investigation. Our examination on the depolarization ratios in its 
solution indicated that the 15.53 cm-' band of the hypoxanthine residue has an anisotropic 

tensor, and that this band must be useful in an orientation study of this residue in a 
biopolymer. Actually, such a study has subsequently been made of poly(rI).poly(rC) fiber, 
and the result was compai-ed with what was found by a previous X-ray diffraction study.13 

MATERIALS AND EXPERIMENTAL METHODS 
Samples for Raman spectroscopy 

Purified samples of IMP and poly(rl).poly(rC) were purchased from YAMASA- 

SHOYU Co. The IMP crystal was prepared by evaporation from aqueous solution.12 The 
poly(rl).poly(rC) fibcr was obtained by sheering viscous solution: 1.e. 1 mg of the sample 
was put on a glass plate and a drop of water was added. The fiber was kept for two days in 
the air o f  92 % relative humidity before i t  was subjected to the Raman measurement. 

The Ba-lMP.6H20 single crystal was obtained in a plate shape with dimensions of 

0 . 2 ~ 1  .Ox0.4 mm. I t  bclongs to an orthorhombic system with the space group of P212121. 
Its n-axis is perpendicular to the plane o f  the plate. The crystallographic 0- and c-axes are 
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RAMAN STUDIES ON IMP AND POLY(rI).POLY(rC) FIBER 571 

in the plane of the plate, with b along the elongated direction.12 Its size was found to be 

sufficient for a significant measurement of the scattering intensities I,,, Ibb, and I,, 
corresponding to the aa, bb, and cc components of the crystalline Raman tensor. 

Methods of spectroscopic measurements 
Ramuii microscopy of IMP single crystal 

First, the Raman spectra were recorded by placing the flat plane (bc-plane) of an IMP 
single crystal horizontally on the sample stage of a Jasco R-MPS-22 Raman microscope, 
which was connected to a Jasco NR-1100 Raman spectrophotometer. For exciting Raman 
scattering, the 488.0 nm beam from an NEC GLG-3300 Ar+ laser was used. The beam 
was sent down through an objective (50 x) onto the crystal. The beam was polarized in the 
front-to-back direction on the sample stage. The crystallographic b-axis was placed parallel 
to this direction. The backward Raman scattering was collected by the same objective. 
Then the scattering beam went through a beam splitter, an analyzer and a scrambler into the 
entrance slit of the spectrophotometer. The analyzer was set so that only the scattered beam 
polarized along the same direction with the exciting beam can reach the entrance slit. The 
Raman spectrum observed in this setting with slit width of 5 cm-l is shown in FIG. 1,bb. 
The excitation laser power was about 50 mW at the laser head and was estimated to be 

7 mW on the sample crystal. Next, Raman spectrum for cc setting was recorded, after 
rotating the flat sample crystal in the horizontal plane by 90", and by keeping the polarizer 
and analyzer positions unchanged. Thirdly, the sample crystal was placed with its ab-plane 
in the horizontal plane on the sample stage. Thus, aa and bb spectra were recorded. The 
a b  spectrum was recorded, after the aa (with the ab-plane of the sample in the horizontal 
plane) measurement, by rotating the analyzer by 90" and by keeping the a-axis of the 
sample along the front-to-back direction. Likewise, the bc spectrum was recorded, after the 
bb (with bc-plane horizontal) measurement, by 90" rotation of the analyzer. In these a b  and 

bc settings, however, the intensities of the bands were all found very weak, and the relative 
intensities of Iab and Ib, were not readily determined. The observed aa, bb, cc, a b  and bc 
spectra are shown in FIG.l. The frequencies and the intensity ratios, Iaahbb and I b d , , ,  of 
some prominent Raman bands are listed in TABLE 1. 

Depolarizutioii rneasiireinents of IMP solutiori 
A Raman spectroscopic measurement was made of an aqueous solution of Ba-IMP, 

whose concentration was 0.6 M and whose pH was 7.6. At this pH, the phosphate group 
should have the P032- form. A Jasco NR-1100 spectrophotometer was used with 
488.0 nm excitation. A polarizer (analyzer) and an optical scrambler were placed in front of 
the entrance slit. The Raman scattering intensity I / /  is for the scattered light polarized 
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512 USHIZAWA, UEDA, AND TSUBOI 

I 

c 
L 1500 1000 500 1800 I0 

Raman Shft/  cm-' 

FIG.l. Polarized Raman spectra of a single crystal of Ba-IMP.GH20 
corresponding to five different orientations of the crystallographic 
axes with respect to the electric vectors of the exciting and scattering 
radiations. aa means, for example , that the electric vector of the 
exciting beam is placed parallel to the crystallographic a-axis, and 
that the electric vector of the Raman scattering beam is also parallel 
to the a-axis. 

TABLE 1. Raman bands of IMP and their possible local Raman tensors 

Local Calc. 
Freq. Ohs. Obs. Obs. Axis Raman tensors depol. Calc. Calc. 
(cm ') hlode' I a / I b b  Ibh/I,, depol. ratio system T ,  r2 ratio lullhb I&/I,, 

1678 C=Ostr. 2.09t0.10 

1594 base ring 2.0210.10 

15.53 basering 89 t6  

1485 base ring 3.70+0.20 

1425 5'- CH2scis. co 

1381 base ring 3.52t0.30 

976 PO,2 sym. str. 0.58i0.01 

899 ribose ring br. 0.37+0.20 

730 base ring br. 3.25iO.10 

0.139i0.006 

0.233t0.014 

0.015+0.010 

0.099t0.004 

0.084*0.008 

0.955+0.020 

0.261+0.040 

0.533i0.013 

0.17iu.04 

0.10t0.04 

0.32t0.03 

0.13+0.04 

0.410.1 

0.17tO.N 

c0.01 

0.10t0.05 

0.07t0.04 

15 13.4+0.6 

11 2 6+0.3 

14 -1.0i0.5 

I2 4.8+0.2 

5'-CH, -2 

I2 5.3i0.4 

P3 1.03k0.06 

R2 4.8i0.7 

11 2.3i0.6 

4.7i0.3 

4.3tu 5 

1 2 i 3  

10.0i0.4 

10 

12.9t0.7 

0.7610.07 

2.5k0.6 

1 . 8 4 3  

0.16 2.09 0.139 

0.08 2.02 0.233 

0.33 93.4 0.020 

0.12 3.70 0.100 

0.40 805 0.22 

0.15 3.52 0.084 

0.005 0.581 0.960 

0.09 0.37 0.263 

0.03 3.23 0.533 

a str. = stretchng, scts = scissoring, br. = breathing 
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RAMAN STUDIES ON IMP AND POLY(rI).POLY(rC) FIBER 573 

parallel to the polarization direction of the exciting light, and I_I_ is for that polarized 
perpendicular to the polarization direction of the exciting light. The observed depolarization 
ratio (p' = I_L / 111) has been corrected ( into p ) as described in the previous paper." The 

observed spectra are shown in FIG.2, and the wavenumbers and the corrected 
depolarization ratios (p) of some prominent Raman bands are listed in TABLE 1. 

Polarized Raman rneasurernerit of poly(i-1). poly(rC) fiber 
Here, the Raman microscopic measurement was carried out in a similar manner to 

what was described above for the IMP crystal. In this fiber the molecules are considered to 
have a uniaxial arrangement. Thus, crystallographic a -  and b-axes are equivalent, both 
perpendicular to the fiber axis c. The observed bb and cc spectra are shown in FIG.3. As 
may be seen here, the cc arrangement gives practically no Raman bands in the 1800- 

1200 cm-1 region. 

Procedures of analysis 
Group tlieoreticalpredictiotis for IMP crystal 

The crystal of IMP now in question belongs to the space group P212121. It contains 
two IMP molecules in  the asymmetric unit and the Brgvais unit cell contains eight 
molecules. Each IMP molecule consists of 34 atoms, and hence the number of optically 
active, internal normal vibrations is (3x34-6)x8 = 768. The isomorphous point group for 
this space group is 0 2 .  Therefore, the optically active 768 normal vibrations are classified 
into four types: 192A, 192B1, 192B2, and 192Bj type vibrations. The A-type vibrations 
should appear in the spectra corresponding to the m, bb, and cc components of the Raman 
tensor of the crystal; B,-type vibrations in the a b  component; the B2-type vibrations in the 
ca component, €!,-type vibrations in the bc component. For the IMP crystal, the Raman 
bands corresponding to the a b  and bc components are all found to be extremely weak. 

Hereafter, therefore, we deal with the A type vibrational modes only. Information of the 

local Raman tensors is to be obtained only through the observed and IbJcc  

intensity ratios. 

Derivation ojRaman tensors 
The Raman tensor is a tensor connecting the electric vector of the exciting radiation 

and the electric vector of the Raman scattering radiation. In  general, it has six components; 
but when the principal axes ( x ,  y ,  z )  are adopted, i t  has only three components aXn, ayy, 
and az.  Usually, only the relative magnitudes of these three components, defined as 

rl = %daz and r2 = a y y b ~  (1) 
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514 USHIZAWA, UEDA, AND TSUBOI 

___  I I 

1800 1500 1000 500 200 
Raman Sluft/ cm-' 

FIG.2. Raman spectra of 0.6 M aqueous solution of Ba-IMP (pH = 7.6) 
observed in the 90" scattering geometry using 488.0 nm line of the Ar+ 
laser. (//I, the intensity of the Raman scattering beam polarized in the 
same direction with that of the exciting beam. (I), the intensity of 
the Raman scattering beampolarized in perpendicular direction to 
that of the exciting beam. 

1800 1600 1400 1200 
Raman Shift / cm-' 

FIG.3. Polarized Raman spectra of oriented fiber of poly(rI).poly(rC) 
kept in the air of 92 9i relative humidity. bb, the electric vectors of 
exciting and scattering radiations are both perpendicular to the fiber 
a x i s  c. cc, the electric vectors of exciting and scattering radiations 
are both parallel to the fiber axis c. 
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are subjected to our study. Each of such tensors of IMP, some of which are isotropic and 
some anisotropic, is now to be determined. The Raman intensity ratios, IaalIbb and IbblIcc, 

are related with the local Raman tensors (x, y, z) by the following equations: 

I b b  

I b b  

I,, 

(3) 

Here, I,, in,,. . . . . . . . . . . , I ? ,  are the direction cosines; thus, .$, m,, n, are defined as direction 
cosines of thc local x-axis placed in the rectangular u k  coordinate system; b, my, ny are 
those for they-axis, and I,, in,, ! I ,  are thosc for thez-axis. Because the crystal contains two 
IMP molecules in thc asymmetric unit, the summation should be performed for i = 1 and 
2 .  The depolarization ratio, p, on the other hand, is defined for molecules oriented 

randomly in solution, and is given in terms of 11 and r2 as6,11 

To reach each Raman tensor of the IMP crystal, we have adopted the procedure 
described in previous papersl.2. We defincd each trial principal axis system by choosing 
three non-linearly arranged atoms ( A ,  E1,and E2) in an atomic group of the molecule. 
Thus, the y-axis is defined to be parallel to the line connecting atoms El  and E2, the x-axis 
is defined to be perpendicular to the y-axis and involving A ,  and the z-axis is defined 
pcrpendicular to thcxy planc. The principal axes selected in this manner for several atomic 
groups of thc IMP molecule are shown in FIG.4. The atoms selected as A,  El  and E2 for 
each set or principal axes are given in TABLE 2. The intensity ratios, IaalIbb and IbbAcc, 
are now calculated for any trial sct of values of rl and r2 by the use of Eqs. (2) and (3). I t  
is practical to calculate contour lines of I,,/lbb and IbblIcc in the two dimensional coordinate 
space (rl-rz). Such contour maps are shown in FIGS. The contour map of the 
depolarization ratio p, as calculated by Eq. (4), was given in previous papers. 6 - 8 ~ 1 1 ~ 1 4  

This r-p diagram is useful for sclecting sensible choice of the r1 and r2 set that is consistent 
with a given value of p. This is to be drawn in the same (rl-r2) space as that given for 
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576 USHIZAWA, UEDA, AND TSUBOI 

FIG.4. The principal axis systems (x, y ,  z )  of local Raman tensors 
assumed for some vibrations of the hypoxanthine residue, phosphate 
moiety and ribose portion. The assumptions were made by selecting 
t h e e  atoms A, E l  and E2 in the vibrating group as  described in the 
text (see TABLE 2). 

TAT3LE 2. Principal axes of the I h n a n  tensors 
for localized vibrational modes of 
the IhlP molecule. 

Systema Residue 
Atoms used to 

define axes 
A E l  E2 

I1 
I2 
13 
14 
15 
P3 
R1 
R2 

5'-CH2 

hypoxanthine 
hypoxanthine 
hypoxanthinc 
hypoxanthine 
hypoxanthine 

phosphate 
ribose 
ribose 

met hy I ene 

N3 C6 N9 
N3 N1 N9 
N3 N I  C8 
N3 N1 N7 
N3 C2 N7 
0 P 05' 
01 '  C2' c3' 
C3' C2' C4' 
C5' t l  F i b  

a See FIG.4. 
bCoordtnates of the hydrogen atoms are not known. 

For 5'-CH,, the axes (x,y,z) are defined with A=C5', 
E1=05', E2=C4'; and theny and z are interchanged. 
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-10 I I 
-10 -5 0 5 10 

i', 

.. 
-10 -5 0 5 10 - 

r l  

FIG.5. Theoretical Iaa/I& and I&/ICc values represented in the (11, r.2) 

space for the Ba-IMP GHzO single crystal, based upon the atomic 
coordinates of Nagashima & Iitaka.'z Each pair of square maps 
arranged vertically corresponds to a particular one of the principal axis 
systems given in FIG.4 ( I1 o r  12, for example). Each contour line in the 
map defines the set of coordinates (r.1 and Q), consistent with a 
particular Iaa& or  IalIcc value indicated on the line. 
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Iaa/Ibb and IbdIcc.  From such overlapped maps of Iaaf lbb,  IbbJcc and p,  and by referring 

to the observed values of Iaaf lbh,  Ibb& and p, a suitable set of rl and r2 values must be 

reached. 

RESULTS AND DISCUSSIONS 
A preliminary review on the Ba-IMP spectra 

The asymmetric unit of the Ba-IMP crystal is composed of two molecules. Both of 
them have their base planes nearly parallel to the crystallographic ac-plane as shown in 
FIG.G(a). As are seen in FIG.l, the intensities of aa and cc components for the 1678, 
1594, 1553, 1485, 1381 and 730 cm-l Raman bands are all stronger than the 
corrcsponding bb component. These bands are assignable to the in-plane ring vibrations of 
the hypoxanthine residue. The depolarization ratios (p = 11- / I / /  ) of the Raman bands in 

aqueous solution corresponding to the !678, 1594, 148.5, 1381 and 730 cm-1 Raman band 
in the crystal arc all smaller than 0.2 (FIG.2 and TABLE I) .  This fact indicates that each of 
these Ranian tensors must be comparatively isotropic. On the other hand, the 
depolarization ratio of the 1553 cm-1 band is markedly greater (0.32), as is noticeable at a 
glance of FIG.2. The corresponding Raman tensor must be anisotropic. 

For the band at 976 cm-1 assigned to the anionic P032- symmetric stretching vibration, 
thc bb component is comparable to thc cc component, and is greater than the aa component 
(FIG. 1). In  the asymmetric uni t  of thc crystal, there are two FQ32- groups as shown in 

FIG.6(b). In  the H20 solution, thc 981 cm-1 band is assignable to the anionic P032- 
symmetric stretching libration. The depolariration ratio of this band is extrcmcly small; its 
Raman tensor must be quite isotropic.' 1 The P032- group has a local symmetry of C3" and 
the Raman tensor of this localized vibration would have pseudo axial symmetry about the 

C3 axis. 
The band at 899 cm-1 is assignable to the ribose ring vibration.15 In the crystal, the 

pscudo plane of this five-membcrcd ring is i n  all the time oriented nearly perpendicular to 

the a-axis as shown in  FIG.6(c). As is expected from this orientation, Raman intensity for 
the aa component is weaker than that for the cc component (FIG. I).  The p value of this 

band (888 cm-1) is around 0.1. This Raman tensor must, therefore, be rather isotropic. 

Local Raman tensors in IMP 
Hypoxarithirie residue 

For the 1553 cm-I band of the IMP crystal, we found that, Iaaflbb = 89*6 and Ibb/lcc = 
0.015+0.010; thus, If,b is very weak (FIG. 1). As mentioned above, its depolarization ratio 
is peculiarly high (p  = 0.32k0.03) (FlG.2). This suggests that either one of rl and r2 
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4 - a  - 
b 

:;++ a 

02 N9 

o+!l 

I 0  

C C 

02 

03 0240s Q' 

FIG.6. Diagram of the Ba-IMP.GH20 crystal structure.12 (a) The 
orientations of the hypoxanthine residues of the two IMP molecules, 
I and I1 in the asymmetric unit of the crystal. ($1 The orientations 
of the two phosphate groups in the asymmetric unit of the crystal. 
(c) The orientations of the two ribose portions in the asymmetric 
unit ofthe crystal. 
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\,dues is grcat, while the other is small with different sign.lm2j11 By use of the Iaahbb-r, 

lb&c-r and p-r diagrams (FIG.5, see also FIG. 1 of ref.8 for example), we found that 
the set of values rl = -1t0.5 and r2 = 12+3 with the principal axis system of I4 gives the 

best agreement with the data (FIG.4 and TABLE 1). Such a shapc and orientation of this 
tensor mcans that, as the amplitude along the normal coordinate of this vibration increases, 
the molecular polarizability increases greatly along the y-axis, decreases slightly along the 
x-axis, and increases slightly in the out-of-plane (z-axis) direction. Benevides et a1.I 

estimated the Raman tensors of several prominent bands for a d(CGCGCG)2 single crystal, 
and they obtained a set of values, r I  = -1  and r2 = 20-23, for the 1579 cm-' band of 
guanine residue. I-Iowever, they could not fix the principal axis system for this band. 
This vibration of the guanine rcsiduc is probably similar to the 1553 cm-1 vibration of the 
hypoxanthinc rcsiduc. Therefore, the principal axis system would also be similar to each 
other in thcsc two purine tensors. In other words the y-axis of the guanine 1579 em-' 
tensor is now suggested to be along thc long axis of the purine ring. 

For thc 1485 cni-1 jibration of thc hypoxanthine residue, the experimental values 01 
I,./I~/, = 3.70t0.20, I/,bficc = 0.099+0.004 (FIG. l ) ,  and p = 0.13+0.04 (FIG.2) were 

obtaincd. For this data, a set (12, r l  = 4.8k0.2 and rz = 10.0t0.4) was found to be most 
prefcrablc (FIGs.4 8( 5 and TABLE 1 ) .  I n  the crystal o f  d(CGCGCG)2, thc corresponding 
guanine \.ibration is considered to takc place at 1486 m-1, and for its Raman tcnsor the 
follonring cstimatcd \>alucs were gi\>cn: 4<rl<5 and 9<rz<10.1 I t  is interesting that the 
1485 cni-I \.ibration of hypoxanthinc and the 1486 cni-1 vibration o f  guanine are found to 

h a \ t  nearly equal set o l  ( r l ,  r2) valucs. For the guanine 1486 cm-l vibration, the principal 

ascs ncrc not  prcviousl), given. I t  has now become probable that G1 axis system defined 
by Bcncvides ct al.', tvhich is similar to our  I2 system, would be properly chosen. 

The two bands at 730 and 720 cm-' are both assigned to the ring breathing vibrations 
o f  the hypoxanthinc rcsidue. The appcarancc of t\im Raman bands here in the crystal in 
question is speculatcd to be causcd by a vibrational coupling between the two molecules (I  
and 11) whose base planes are stacked on each other (FIG.6(a)). By cstimating integrated 
intcnsitics ovcr these two bands2, we found that InalIbb = 3.25+0.10, Ibb/Icc = 
0.S33tO.013 from FIG.1. Sincc p is as small as 0.07+0.04 for this band, the Raman 

tcnsor- for this mode must be isotropic (FIG.2 and TABLE 1).  From a Composition of 
thcsc data, the following tensor is rcached: principal axis system 11, rI = 2.3k0.6 and r2 = 

1.8t0.3 (FIGs.4 & 5 and TABLE 1 ) .  

The Rainan tensors for soinc of other vibrations (1678, 1594 and 1381 cm-l) o f  
hypcxanthinc rcsiduc, at which we arrive, are also listed in TABLE 1. 
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Plwsphate moiety 
For the 976 cm-1 band ( P 0 3 2 -  symmetric stretching vibration), the intensity ratios are 

found as IaalIbb = 0.58k0.01 and IbblIcc = 0.955*0.020 from FIG.l, and the p value 
smaller than 0.01 from FIG.2. The PQ2- group has a local symmetry of C3", whose C3 
axis is defined to bey-axis (05'-P line) (FIG.4). Its r1 and rz values are evaluated to be 
1.03k0.06 and 0.76i0.07, respectively. This means that, axx + a,. Thus, the P032- 

stretching vibration causes a greater polarizability change along the direction perpendicular 
to the P-0 single bond." I f  the bond-polarizability approximation is brought into. this 
976 cm-1 Raman intensity problem, we should assign to the P-0 bond a daldr 

(polarizabilitychangedue to bond-stretching) value 1.32 times as great as that to the P-0 
single bond. 

Ribose portion 
The 1425 cm-1 band is assigned to the 5'-CH2 scissoring vibration of the ribose 

residue. In the crystal, this band appears only for the I,, setting and never for I b b  nor I,, 
(FIG.1). The p value for this Raman band is 0.4 (FIG.2). Therefore, axx and ayy should 

have different signs from each other. Benevides et al.1 proposed a tensor with rl = -2 and 
r2 = 10 for the CH2 scissoring vibration in the d(CGCGCG)2 crystal. Thomas et  al.3 
assigned the same set of values of r1, r2 to the 1420 cm-1 band of A- and B-DNA. For our 

present case, the same set of values is not contradictory with the experimental data. A more 
detailed and general discussion of the CH2 scissoring Raman band was made by Tsuboi et 
a1.10 

In the 850-920 cm-1 region, a few prominent Raman bands are expected to appear that 
are caused by some bond stretching vibrations of the five-membered ribose ring. For 
thymidine, two Ranian bands at 899 and 852 cm-l were found to be assignable to such 
vibrations on the basis of the result of an examination of some 13C isotope effects.15 The 
899 cm-1 band of IMP is another candidate to be assigned to such a ribose vibration. For 
this band, we found that Iaa/Ibb = 0.37k0.20, IbblI,, = 0.261+0.040 and p = 0.10k0.05. 

By use of the contour maps in l3G.5, we estimated that rl = 4.8k0.7 and r2 = 2.5*0.6 
with axis system R2. Because this is a rather isotropic tensor, this band is probably 
assignable to the ring breathing vibration of the ribose portion of IMP. 

Orientation of hypoxanthine residue in a poly(r1)- poly(rC) fiber 
In general, the orientation of a local Raman tensor (z, y, z )  in a uniaxial crystal (a, b, 

c) is given by the two angles, 0 and x. which are defined as shown in FIG.7. Here, 0 is 
the slant angle of z-axis from the fiber axis (c-axis). x is the angle from 0 - N  to O-y, 
where 0 - N  is the intersection of the ab and zy planes. The Raman intensity ratio IcclIbb of 
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582 USHIZAWA, UEDA, AND TSUBOI 

FIG.7. D e f ~ t i o n  of the angles (3 and x. These angles are  for 
designating the orientation ofxyz principal axis system of the Raman 
tensors (FIG 4) with respect to the crystallographic abc axis system 

a band of this uniaxidl crystal (or fiber) is given as a function of such angles (0 & x) as 

f ollo\\Js. 5,679 

if  the local tensor is anisotropic, IccAbb is expected to be sensitive to the orientation 
angles (0 & x). Because we now know that the 1.5.53 cm-l Raman tensor of the 
hypoxanthine residue is quitc anisotr-opic (14, rl = - 1 ,  rz = 12), let us examine its 
orientation in a uniaxial biopolymcr fibcr. By substituting its I ,  and r2 valucs into Eq.(5), 
thc rclation o f  the Iccrlbh value with the orientation angles (8  & x) is calculated. The rcsult 

is shown i n  FIG.8 (left). 
For another hypoxanthine band at 1485 cm-1 band, whose tensor is less anisotropic 

(12, y1 = 4.8, rz = 10.0), the same calculation was madc for comparison. The result is 
shown in FIG.8 (right). 

We have madc a polarized Raman spectroscopic measurement of an oriented fiber of 
poly(rI).poly(rC). The result is shown in FIG.3. As may be seen here, I,,/Ibb values are 
extremely low lor almost all the bands obscrvcd in the 180(&1200 cm-1 region. 

Thc atomic coordinates of plp(rI).poly(rC) duplex fiber have been given by Arnott ct 
al.13 on the basis of the result of their X-ray diffraction study. The tilt angle 8 of the base 
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L I - L A - J  
0 10 20 30 40 50 60 70 80 YO" 

X 

(IJ) r,=4.8, r2=10.0 

O: ,  io  2'0 i 0  40 i o  80 i o  i o  doo 
X 

FIG.8. Diagram of ICc&, given in the 8-x space. (a) The Raman 
intensity ratio Icc&b for the 1553 cm-1 band expected from a uniaxial 
orientation ( given by 8 and x) of the tensors shown in TABLE 1, 
third line. (b) Intensity ratio, IcclI% for the 1485 cm-1 band on the 
basis of the tensor given in the fourth line of TABLE 1. 

plane from the helical axis (c-axis) in the poly(rI).ply(rC) (A'-RNA) fiber is small and 
approximately &1 l O . 1 3  By the use of their hypoxanthine coordinates, and by assuming the 
axis system 14, the orientation of the 1553 cm-1 tensor is calculated as 8 = 13" and x = 24". 

On the other hand, by assuming the axis system 12, the orientation of the 1485 cm-1 tensor 
is calculated as 8 = 13" and x = 58" (FIG.8). The former tensor orientation (8 = 13", x = 
24") gives the value of lcc/Ibb = 0.034k0.004 according to Eq.(5) (FIG.8(a)). For the latter 
tensor, (8 = 13", x = 58") set, results in the intensity ratio of 0.038&0.006 (FIG.8(b)). 

Both of these predicted values of intensity ratios IcclIbb were in good agreement with what 
were actually observed. In other words, the poly(r1). poly(rC) structure derived from the 
X-ray study has now been supported by our present polarized Raman spectroscopic study. 

CONCLUSIONS 
By our present polarized Raman spectroscopic study on the single crystal of IMP, a 

number of local Raman tensors are well characterized. I t  has been found, for the example , 
that the Raman tensor for the 1553 cm-1 vibration of hypoxanthine residue has the principal 
axis system I4 and rl = axx/aZZ = -1 and r2 = ayy /cxzz  = 12. Such a knowledge of a tensor 
is useful for presuming the orientation of a functional atomic group in a biological fiber. 
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