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The Raman  spectra  of  hydrogen mo lybdenum bronze,  H030MOO3, named as Type I, were studied. Four  
bands  observed  at 1011, ca. 750, ca. 670, and 452 cm -t were ass igned to the M o - O 1 ,  M o - O 3 ' ,  M o - O 2 ' ,  
and M o - O 2  stretching vibrat ions,  respectively.  These  ass ignments  suggest  that the s tructural  change 
from MoO 3 to Type  I induces  a shift of  the Mo-O1  stretching vibrations to a higher f requency and 
shifts of  the M o - O 3 '  and M o - O 2  stretching vibrations to lower frequencies .  The f requencies  of  the 
M o - O 2 '  s tretching vibrations were scarcely influenced. These  spectral changes  were unders tood  on 
the basis of  the changes  in the bond length of  Type I presented by Dickens et al. (J. Solid S tate  Chem.  
28, 1185 (1979)). �9 1992 Academic Press. Inc. 

Introduction 

Hydrogen molybdenum bronzes are hy- 
drogen insertion compounds of MoO 3. 
These compounds retain the Mo-O frame- 
work of MoO 3 basically, although their con- 
stitution units (Mo-O 6 octahedra) show 
some rearrangements resulting from the hy- 
drogen insertion. Four phases of these com- 
pounds are known to be present (1-4). Only 
the phase with the lowest hydrogen content, 
H0.23_0,40MoO3, named as Type I, has the 
same crystal system (i.e., the orthorhombic 
system) as M o O  3. It is of interest to clarify 
the relation between change in structure and 
that in spectral data upon formation of Type 
I from MoO 3. Previously the author studied 
IR spectra of Type I and calculated its vibra- 
tional frequencies (5). In this study, follow- 
ing points were reported: (I) Most of the IR 
absorption spectra of Type I contain bands 
attributable to MoO 3 and MoO3-1ike struc- 
ture. (2) MoO 3 shows the bands at 992,877, 
819, 614, and 485 cm -1, while Type I shows 
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those at I000, 656, 597 and 447 cm -1. (3) 
The bands observed near 1000 cm-1, in the 
region 880-650 cm- 1, near 600 cm- 1 and in 
the region 490-430 cm- 1 are assigned to the 
Mo-O1, Mo-O3',  Mo-O2' ,  and Mo-O2 
stretching vibrations, respectively. (4) For 
the Mo-O3' stretching bands, the lower fre- 
quency shifts of ca. 200 cm- 1 from MoO 3 to 
Type I are due to the changes in the Mo-O3 
and Mo-O3' bond lengths. 

IR frequencies generally contain some 
contribution from longitudinal-transverse 
splitting effects (6) and, therefore, do not 
necessarily coincide with the vibrational fre- 
quencies which are calculated by the GF 
matrix method. Because MoO 3 and Type I 
have a center of symmetry, their Raman- 
active modes are IR-inactive and are not 
influenced by longitudinal-transverse split- 
ting effects. Therefore, Raman data are 
more advantageous to discuss the relation 
between the spectral and structural 
changes. MoO 3 shows sharp and intense Ra- 
man bands, and many Raman studies have 
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FIG. 1. Structural model for MoO 3 and Type I. Solid 
and open circles present molybdenum and oxygen 
atoms, respectively. Numerals in parentheses are given 
for the molybdenum atom II. 

already been performed (7-12). However, 
it is hard to obtain the Raman spectra of 
Type I because of its dark color and easy 
degradation to MoO 3 by laser irradiation. 
We find only the Raman data of Type I pre- 
viously reported by Schr6der and Weitzel 
(13). However, their data closely resemble 
those of MoO 3 and might be attributed to 
MoO 3 degraded from Type I by laser irradia- 
tion. Therefore, further Raman studies on 
Type I are needed. 

In the present work, the author investi- 
gated the Raman spectra of a number of 
Type I samples prepared from MoO3 with 
various particle sizes and finally succeeded 
in detecting some of true Raman bands due 
to Type I. The assignments of these bands 
were carried out by comparison with the 
vibrational frequencies obtained by my pre- 
vious calculation (5) based on the sheet 
model (10, 11). Then, differences in Raman 
frequency between MoO 3 and Type I were 
discussed. 

sheets of Mo-O 6 octahedra sharing edges 
(02 -02 ' )  (14-16). Oxygen atoms in the 
framework are divided into three groups by 
bonding types with the Mo atoms. Hydro- 
gen atoms in Type I occupy the sites on the 
intrasheet zigzag chain of the 03 and 03 '  
atoms and form OH groups with these oxy- 
gen atoms (17-19). The unit cells of MoO 3 
and Type I crystals consist of the unit sec- 
tions, shown on the upper left side of Fig. 
l, of two sheets. The crystal data of MoO 3 
were given by Kihlborg (14), while those of 
Type I were reported by Wilhelmi (15) and 
Dickens et al. (16). According to them, 
Mo-O bond lengths of MoO 3 and Type I are 
as shown in Fig. 2. The data for Type I 
reported by the two groups are slightly dif- 
ferent from each other. 

The 03 atom in a unit cell corresponds to 
the 03 '  atom in the neighboring unit cell 
(Fig. 1), i.e., the 03 and 03 '  atoms are 
treated as the same atom under the unit cell 
group analysis. Therefore, it is unnecessary 
to consider the Mo-O3 stretching vibration 
in addition to the Mo-O3'  stretching vibra- 
tion. The 03'  atom receives the contribution 
of force constantfo3 arising from the Mo-O3 
bond, and the Mo-O3' stretching vibration 
is regarded as a vibration of the 03 '  (or 
03) atom joined with two Mo atoms by two 
different springs whose force constants are 
fo3 and fo3', respectively. The foi indicate 
stretching force constants of the Mo-Oi 
bonds. The Mo-O2'  stretching vibration is, 
of course, a vibration of the 02 '  atom joined 
by two equal springs of force constant fo2'. 
In the previous study (5), the author noted 
these vibrations as Mo-O3, 3 ' -Mo,  and 
Mo-O2 ' -Mo stretching vibrations, respec- 
tively, but in this study these are simply 
noted as Mo-O3' and Mo-O2'  stretching 
vibrations, respectively. 

Background 

MoO 3 and Type I have the Mo-O frame- 
work, shown in Fig. 1, which consists of the 

Experimental 
Materials and characterization. Type I 

samples were prepared from MoO 3 by the 
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FIG. 2. Schematic model of the octahedra for (a) M o O  3 and (b) Type I. Bond lengths for M o O  3 a r e  after 
Kihlborg (14). Those for Type I after Dickens et al. (16) and Wilhelmi (15) are shown without and with 
parentheses, respectively. 

previously mentioned method (5). Four  
kinds of  MoO 3 were used: (1) Wako- 
Junyaku grade 1 MoO 3 produced by a wet 
chemical process;  (2) Climax Molybdenum 
Co. grade L MoO 3 produced by a sublima- 
tion process;  and (3), (4) their heated ones 
at suitable temperatures  between 773 and 
973 K with grown-up particles. The Type I 
sample prepared from the (2) MoO 3 was 
found out to be the best one for Raman mea- 
surements (20). 

The sample was identified as Type I by 
the X-ray diffraction method (21). The 
X-ray diffraction patterns were measured by 
a Rigaku RINT 1200M diffractometer.  The 
hydrogen content  in Type I was determined 
by the method of  Choain and Marion (22). 
The typical composit ion of  the sample was 
H0.30MoO3 �9 

R a m a n  m e a s u r e m e n t s .  The Raman spec- 
tra were measured on a Spex Ramalog 5 
spect rophotometer  equipped with a Hama- 
matsu Photonics R 94302 photomultiplier by 
step scanning. For  excitation 4880 and 5145 

lines of  an Ar § laser were employed.  The 
Type  I sample was pressed into disks (15 
wt% in KBr).  To avoid the degradation of 
the samples by laser irradiation, the disks 
were rotated at a speed of  ca. 3000 rpm by 
a spinning cell. 

R e s u l t s  

The Raman spectra of MoO 3 obtained 
with 20 mW power of the 4880 A excitation 
line are shown in Fig. 3. Figure 3a was re- 
corded with a spectral resolution of  3 cm -J. 
Seventeen bands are observed at 995, 819, 
666, 471,378,  366, 338, 291 ,283 ,246 ,  217, 
197, 159, 129, 117, 100, and 84 cm -]. These  
frequencies coincide with previously re- 
ported data (7-12) .  For  comparison with the 
spectra of Type I, Fig. 3b was obtained with 
a spectral resolution of 12 cm-1. 

Figure 4 shows Raman spectra obtained 
from the Type I samp)e with various output  
powers of  the 4880 A excitation line at an 
integration time of  1 sec. The spectrum ob- 
tained with 20 mW laser power  (Fig. 4a) was 
very noisy and, therefore,  was subjected to 
improvement  in its signal-to-noise ratio by 
taking the average of five measurements .  (A 
new sample pellet was used for each mea- 
surement.)  It shows four bands at 1011, ca. 
750, ca. 670, and 452 cm- l .  The spectrum 
obtained with 50 mW laser power  (Fig. 4b) 
was also noisy and was smoothed by a 
3-points averaging operation. It also shows 
the above four bands of weaker  intensities 
with an additional band at 819 cm -1. The 
band observed at ca. 750 cm -1 in Fig. 4a 
shifts slightly to the higher f requency side 
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FIG. 3. Raman spectra of  MoO 3 obtained with a spec- 
tral resolution of  (a) 3 cm -1 and (b) 12 cm -1 (the 4880 

excitation line with output power  of  20 mW, scanning 
interval 0.2 cm ~, integration time 0.1 sec). 

in Fig. 4b. The spect rum obtained with 100 
mW laser power  (Fig. 4c) shows one more 
additional band at 995 cm ~. The band at ca. 
750 cm ~ fur ther  shifts to the higher fre- 
quency side. With 400 mW laser power  (Fig. 
4d), two more  additional bands appear  at 
337 and 283 c m -  ~. In this spect rum the band 
near  750 cm I is observed  at 770 cm ~. The 
relative intensities o f  the 995 and 819 c m -  
bands to the bands at 1011 and 452 cm -~ 
apparent ly  increase with the increase in the 
laser power .  The relative intensity of  the 
band around 670 cm -~ also increases by 
400 m W  power  excitation (Fig. 4d). It seems 
therefore  that a further  additional band 
overlaps with the original band around 670 
c m -  t. The frequencies of  all the additional 
bands coincide with those of  MoO 3 shown 
in Fig. 3. 

The spectrum obtained by a long time 
measurement  (integration t ime 5 sec) with 
20 mW power  shows the additional band at 
819 cm -~. The 5145 A excitation bears  the 
same results as the 4880 A excitation. 

Discussion 

T h e  b a n d s  a t t r i b u t e d  to  T y p e  I .  Since, 
as ment ioned above,  the additional bands 
coincide in f requency with the MoO 3 bands,  
they are undoubtedly ascribed to MoO 3 de- 
graded f rom Type  I by laser irradiation. At 
the same time, Fig. 4a obtained by the short- 

111 

g 
r 

g 
E 

I [ I { I 

~! f  

; i ' ,!  

�9 �9 i' 
. j 
t c j ;.:, . . . . .  j ." " ?.,., , , g  . ,  

~ "  ~ ~"~ .'i- 

* '  e �9 , , /  " ig 

a 
~ ~  

1 ~ 1 I I I I t 

1000 800 600 400 
Wavenumber / crn "~ 

200 

FIG. 4. Raman spectra of  Type I obtained by the 4880 
excitation line with output power  of  (a) 20 mW, (b) 

50 roW, (c) 100 roW, and (d) 400 mW (scanning interval 
0.5 cm - l ,  integration time 1 s, spectral resolution 12 
cm- l ) .  O, Type I band; A, MoO 3 band. 
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TABLE I 

RAMAN FREQUENCIES (cm-I)  AND THEIR ASSIGNMENTS OF MoO 3 AND Type I 

MoO3 Type I 

Observed Assign. Observed Calculated Assign. 

995 
819 
666 
471 
378 
366 
338 
291 
283 
217 
246 
197 
159 
129 
117 
100 
84 

VMool 1011 993 
VMoo3, ca. 750" 649 
vMoO2, ca. 670 654 
VMo02 452 461 

- -  263 

- -  206 

- -  186 
Angle 
deformation - -  335 

- -  267 

- -  155 

- -  8 5  

- -  5 3  

PMoOI 
b'Mo03, 

PMo02' 
VMo02 

Angle 
deformation 

Broad band. 

est time measurement  with the lowest laser 
power is believed to be the characteristic 
Raman spectrum of  Type  I, and the four 
bands at 1011, ca. 750, ca. 670, and 452 cm-1 
are the vibration bands of the Type I crystal. 

Dickens et al. have observed the band at 
1267 cm 1 due to the M o - O - H  deformation 
of Type  I by inelastic neutron scattering (16) 
and by IR spect roscopy (23). However ,  no 
band was observed in the same frequency 
region in the present work. Raman spectra 
below 200 c m -  ~ were also examined,  but no 
band attributable to Type  I could be ob- 
served. 

Assignment of  the bands. The observed 
frequencies of  MoO 3 and Type  I are summa- 
rized in Table I. For  the Type I bands, the 
previously calculated values (5) are also 
shown. 

Assignments of the MoO 3 bands based on 
the calculated frequencies have been re- 
ported by Beattie et al. (10) and by Py and 

Maschke (11). According to them, the bands 
at 995, 819, 666, and 471 cm -1 were attrib- 
uted to the Mo-O1,  Mo-O3 ' ,  Mo -O 2 ' ,  and 
Mo-O2  stretching vibrations, respectively.  
The bands below 400 cm-1 are ascribed to 
angle-deformation vibrations. 

For  Type  I, only the four bands are ob- 
served. The frequencies of 1011 and 452 
cm i are in reasonable agreement with the 
calculated values and can be ascribed to the 
Mo-O1 and Mo-O2  stretching vibrations, 
respectively. The observed f requency of  ca. 
670 cm -  l is close to the calculated values of  
649 and 654 cm 1 which have been attrib- 
uted to the Mo-O3 '  and Mo-O2 '  stretching 
vibrations, respectively. However ,  there is 
no calculated value near 750 c m -  1. The long 
time measurements  indicate that even small 
laser power (20 mW) irradiation causes the 
degradation. Therefore,  even Fig. 4a may 
contain the contribution of  mild degradation 
(i.e., partial removal of the hydrogen atom), 
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although it does not show any MoO 3 bands 
which indicate hard degradation. The di- 
rect attachment of hydrogen atoms to the 
03 and 03'  atoms in Type I, mentioned 
in the Background section, results in the 
large changes in length of the Mo-O3 and 
Mo-O3' bonds (Fig. 2). The mild degrada- 
tion of Type I may give rise to a distortion 
in length of the same bonds. The mildly 
degraded Type I is regarded as an interme- 
diate between Type I and MOO3, and the 
Mo-O3 and Mo-OY bond lengths in such 
samples are expected to have intermediate 
values between their original values in pure 
Type I and MOO3. In such a case, the 
Mo-OY stretching vibration may appear 
as a broad band between ca. 650 (for Type 
I) and 819 cm -1 (for MOO3). The broad 
band at ca. 750 cm 1 may correspond to 
such a band. The above-mentioned shift of 
this band to the higher frequency side by 
larger power excitations (Fig. 4) can be 
understood considering the increase in the 
degree of degradation arising from the 
larger power irradiation. Therefore, this 
band can be ascribed to the Mo-O3' 
stretching vibration. Because the hydrogen 
atom does not directly attach to the O1, 
02, and 02' atoms, the effects of the mild 
degradation to the Mo-Ol ,  Mo-O2, and 
Mo-O2' stretching vibrations are supposed 
to be small. Consequently, the band at 
ca. 670 cm 1 is assigned to the Mo-O2' 
stretching vibration. 

Spectral changes from MoO 3 to Type I. 
The frequency changes of the Raman bands 
with formation of Type I from MoO3 are 
summarized in Table II, together with those 
of the IR bands. The frequency shift from 
819 cm -1 of MoO 3 to 750 cm -1 of Type I 
observed in the present work is due to the 
changes in the Mo-O3 and Mo-OY bond 
lengths. This lower frequency shift has been 
predicted by the previous calculation of vi- 
brational frequencies (5), in which the 
changes in force constant of the Mo-O3 and 
Mo-O3' bonds were considered (24). With 

respect to the lengths of these bonds, the 
data for Type I by Wilhelmi (15) and Dick- 
ens et al. (16) coincide with each other. On 
the formation of Type I from MoO 3, the 
Mo-O3' bond becomes lengthened from 
1.73 to 1.96 ,~, while the Mo-O3 bond is 
shortened from 2.25 to 1.96 A. The changes 
in the Mo-O3 and Mo-OY bond lengths are 
0.29 and -0.23 A, respectively. They are 
comparable in the absolute value, but have 
opposite signs to make opposite frequency 
shifts. The above shift to a lower frequency 
is easily understood by considering that a 
shorter bond makes a larger change in the 
force constant than a longer bond, because 
the force constant increases steeply as the 
bond length decreases (25, 26). With respect 
to the stretching vibrations of the Mo-O 
bonds whose lengths are different between 
the data for Type I by Wilhelmi (15) and 
Dickens et al. (16), the Raman frequency 
changes [Type I - MoO 3] for the Mo-O1, 
Mo-O2', and Mo-O2 stretching vibrations 
are 16, about 4, and - 19 cm-l ,  respectively 
(Table II). According to the data of Dickens 
et al., the changes in the Mo-O1, Mo-O2',  
and Mo-O2 bond lengths are - 0.01, - 0.01, 
and 0.07 A, respectively, while according to 
those of Wilhelmi are 0.02, 0.01, and 0 ,~, 
respectively (Fig. 2). The changes in Raman 
frequency can be interpreted by the former 
data (27), and, thus, they are suitable for 
the bond lengths of Type I as far as the 
present results are concerned. 

Further refinement of the force constants 
used in the previous calculation (5) could 
not be performed because of the small num- 
ber of the observed bands, and therefore 
accurate estimation of the changes in force 
constant with the bond-length changes 
could not be achieved in the present work. 

Comparison between Raman and IR data. 
The IR frequency changes [Type I - MoO 3] 
for the Mo-O1, Mo-O3', Mo-O2',  and 
Mo-O2 stretching vibrations are 8, -221 
(or -163), -17,  and -38  cm -1, respec- 
tively (Table II). For both MoO 3 and Type I, 
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T A B L E  II 

CHANGES IN BAND FREQUENCIES (cm-~) WITH FORMATION OF Type  I FROM MoO 3 

Raman  IR 

Mode MoO 3 Type  I Av MoO 3 Type  I Av 

PMoOI 995 1011 16 992 1000 8 
877 --221 

VMoOY 819 750 a --69 656 
819 -- 163 

VMoO2, 666 670 4 614 597 -- 17 
VMoO2 471 452 -- 19 485 447 -- 38 

Note. mPType I -- /JMoO 3" 
a Broad band.  

the frequencies calculated by the GF matrix 
method for the IR-active Mo-O stretching 
bands resemble those for the corresponding 
Raman-active Mo-O stretching bands, re- 
spectively (5, 10, 26). This fact indicates 
that the changes in force constant owing to 
the structural change from M o O  3 to  Type I 
result in similar frequency changes for both 
IR and Raman bands. Thus, it seems that 
the observed differences between the 
changes in the IR and Raman frequencies 
are due to longitudinal-transverse splitting 
effects (24). 
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