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( Rrceiiied 28 Muy IY87) 

We present IR absorption, polarized and depolarized Raman scattering data in 11- 

pentanol and in 2methylL2butanol. The measurements, performed over a wide tempera- 
ture range, concern the fundamental 0 - H  stretching vibrations. The experimental 
results confirm that intermolecular H-bonding effects play the main role in determining 
the shape and the evolution with T of the spectra. The deconvolution of the polarized 
Raman spectra in symmetric bands gives useful information concerning the dynamical 
properties of these systems. The analysis of the frequency shifts, the broadenings and the 
relative intensity variations with respect to the isolated 0-H stretching bands confirm 
the existence of molecular aggregates with different spatial and/or topological conforma- 
tions. The close analogy found for appropriately reduced IR absorption and depolarized 
Raman spectra proves that a vibrational density of states (VDOS) for both alcohols 
exists. These spectral features can be rationalized in terms of cooperative models recently 
used to interpret the vibrational dynamics of structured systems. 

Key Words: Isomeric pentanols, temperature effects, IR and Raman spectroscopy. 

1 INTRODUCTION 

The comprehension of the hydrogen bond role in the structural and 
dynamicdl properties of hydrogenous systems, like alcohols and wat.er, 
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280 A. DAPRANO et al. 

is a problem which has been extensively studied from an experimental 
and a theoretical point of  vie^.',^,^ It has been commonly accepted that 
the existence of the hydrogen bond and its highly directional inter- 
molecular potential are the basic factors that strongly influence the 
chemical and the physical behaviours of these associated liquids. In 
particular, according to the current theories, the alcohols in the liquid 
phase are considered self-associated systems, whose bonding effects are 
triggered by a moderately strong hydrogen b ~ n d . ~ . ~  Although the 
H-bond cannot be considered as a genuine chemical bond (its energy 
ranges between 2 and 6 Kcal./mole and is in fact an order of magnitude 
lower than that of the internal 0-H bond) it can originate several 
kinds of intermolecular arrangements. Considering the potential en- 
ergy surface of the H-bond to be originated by electrostatic, polariza- 
tion, charge transfer and dispersion  contribution^,^ we can expect a 
strict dependence of the degree of association and relative population of 
the local structures with both intrinsic factors (namely steric hindrance 
and complexity of the molecule) and external parameters (temperature 
and pressure).’ Furthermore, since the mean life time of the H-bond lies 
in the psec. time scale, these hydrogenous liquids can be considered to 
be composed by “transient” structured species in dynamical 
e q ~ i l i b r i u m , ~ . ~  with time steps imposed by a continuous breaking and 
reforming of the bonds. 

Although such dynamic aspects have recently been investigated by 
several Molecular Dynamics studies’ and X-rays and Neutron diffrac- 
tion  experiment^,^,' an explanation of the association phenomenon in 
alcohols is far from complete. 

In view of the cross-link between the inherent structures, that 
correspond to the various local minima in the potential energy surface 
of the system, and the dynamical response, the vibrational spectroscopy 
is a powerful tool for the investigation of the different kinds of 
aggregates and their relative  distribution^.^*^,'^.' ’ It is . a well establ- 
ished fact that the main information yielding vibrational dynamics in 
alcohols is due to the 0-H stretching mode. A great number of works 
concerning the intramolecular 0-H vibration has been reported in 
literature.4. 10,11112, 13 s everal factors are hypothesized to contribute to 
the distribution of the spectra over a large frequency range (- 1000 
cm-I), to the intensity and to the shape of the stretching band in such 
systems. The original narrow 0-H band, centered at - 3600 cm- ’, as 
observed by IR and Raman scattering in the gas phase at high 
temperature, undergoes in fact strong changes4 in the liquid phase 
summarized in the following: i) low wave-number shift, ii) broadening 
and extended spectral structure appearance, iii) variation with the 
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DYNAMICS OF ISOMERIC PENTANOLS 

temperature of the shape, intensity and depolarization ratio in a light 
scattering experiment. 

Although these changes, representing almost direct evidence of 
intermolecular O.--H bonding effects, they are difficult to explain by 
unique theoretical model. As an example the factors that should be 
considered to explain the band shift effects and the potential surface 
shapes can be derived by quantum mechanical computations and/or 
anharmonic coupling of the 0-H fundamental vibration with low 
frequency intermolecular modes, and/or intermolecular interactions. In 
addition, band broadening effects (for details see the extensive study 
performed by Bratos and  coworker^^^'^) can be rationalized in terms of 
anharmonic effects more or less coupled with the polarization and 
structural phenomenon. 

Recently Raman scattering measurements on n-Pentanol (n-PeOH) 
and 2Methyl-2Butanol (2M-2BuOH) were performed in our 
laboratory. l 5  The polarized spectral components were deconvoluted in 
symmetric bands. For the tertiary alcohol, according to previous 
structural studies carried out by some of us with different 
 technique^,'^,^ an association degree higher than two was not consid- 
ered. Consequently the four vibrational 0-H sub-bands obtained 
were assigned to monomers, open dimers, and to two cyclic dimers with 
a different conformational arrangement. In the case of n-PeOH (less 
sterically hindered than 2M-2BuOH) the various subbands were 
related to monomers, open dimers and two different oligomers with an 
aggregation number greater than two. 

In order to obtain a better understanding of the connection between 
the different hypothesized environments for the two alcohols studied 
and the vibrational dynamics, we present a detailed analysis of the 
polarized Raman spectra as a function of the temperature as well as a 
comparison between infrared absorption spectra and Raman scattering 
data. In our opinion, the results confirm the previous hypothesized 
correlation between polarized Raman bands and local structures. 

We will also show that, on the basis of the cooperative character of 
the dynamics of these systems, a close similarity between the Raman 
reduced spectral density (as obtained from the anisotropic scattering) 
and the analogous quantity derived from the IR absorption data, exists. 
This allows us to apply solid state to the vibrational 
dynamics of associated liquids as well as to obtain significant insights 
into the nature of the spectral features as probed by different tech- 
niques. 
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282 A. DAPRANO et al. 

2 EXPERIMENTAL PROCEDURE AND RESULTS 

High-purity n-PeOH and 2M-2BuOH (certified grade quality prod- 
ucts) were further purified as previously described5 and physical 
impurities were removed by filtering them in a dry box. The same 
purified products were used to prepare the corresponding deuterated 
alcohols. The preparation, made in order only to deuterate the hydro- 
gen of the 0-H group, was performed according to the following 
procedure: 250cc. of dry alcohol (n-PeOH or 2M-2BuOH) were 
gently refluxed in presence of a less than stoichiometric quantity of 
Sodium until of the latter disappeared. The Sodium alcoholate ob- 
tained was firstly evaporated under vacuum at 100°C and D,O was 
then added. By distillation over Calcium hydride the middle fraction 
(between 115°C and 121°C for n-PeOD and between 95°C and 102°C 
for 2M-2BuOD) was recuperated. Deuterated alcohols were finally 
obtained from the above azeotropic mixture by crystallization. Gas- 
chromatographic analysis of the deuterated alcohols showed only 
traces of H,O and/or D,O. NMR spectra showed a ratio R-OH/ 
R-OD equal to 0.75 in both alcohols. The physical impurities (such as 
dust particles, etc.) were also removed by filtering the alcohols in a dry 
box. 

In the light scattering experiments the samples were sealed in optical 
quartz cells and were then mounted in an especially designed optical 
thermostat where the temperature stability, in the whole range studied, 
was better than 0.1"C. We used a 90" scattering geometry with a fully 
computerized SPEX triple monochromator using the 5145 8, line 
(1 Watt) of a SPECTRA PHYSICS Ar+ laser as exciting sources. The 
measurements were performed in the VV and VH polarization geome- 
tries, in the temperature range between 266.2 K and 402.3 K for 
2M-2BuOH and between 243.2K and 435.6K for n-PeOH. The 
entire experimental set-up as well as the collection and normalization of 
the data with the incident beam intensity was controlled on line by a 
DIGITAL MINC 11/23 minicomputer. Raman spectra with a mean 
resolution of 5cm-l  were taken in the region from 2600cm-' to 
3800 cm-' of Stokes shift for both alcohols. As far as the infrared 
spectroscopy measurements are concerned, transmission spectra were 
recorded with a PERKIN-ELMER Mod. 983 Spectrometer with CaF, 
windows and Mylar spacers, of 10 pm of thickness for both alcohols. 

The wave numbers spanned were in the range between 2600 cm- 
and 4000 cm-' and a spectral resolution of 3 cm-' was used. The 
variable temperature control system allowed us to perform measure- 
ments over the 278-349 K temperature range with a constancy of 1 
degree. 
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3100 3300 3500 3700 300 3300 3500 3700 
Stokes shift, w (cm-7) 

Figure 1 
four temperatures in the 0-H stretching region. 

Polarized (VV) and depolarized (VH) Raman spectra of normal pentanol at 

Figures 1 and 2 represent Raman spectra at different temperatures 
for both the polarization geometries for n-PeOH and 2M-2BuOH 
respectively. As expected for hydrogen bond associated molecules the 
primitive internal 0-H stretching mode is spread over a wide spectral 
region indicating the cooperative character of these modes. Since the 

3100 3300 3500 3700 3100 3300 3500 3700 
Stokes shift, w(cm-’) 

Figure 2 
2MethyL2Butanol at four temperatures. 

Polarized (VV) and depolarized (VH) 0-H intramolecular spectra of 
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I I  I 

in - Pe OH 
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0- 
3000 3300 36003000 3300 35003000 3300 36003000 3300 3 6 0  

Wave Number, w(crn-') 
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temperatures. 

vibrational contribution in the VV configuration is mainly due to the 
isotropic portion of the spectra, we have performed a deconvolution in 
symmetric bands using the computer analysis previously described.' 
As referred in Ref. 15, because the C-H stretching bands overlap the 
0-H fundamental vibrations, we have removed the former from the 
spectra by evaluating it from the corresponding deuterated n-PeOD 
and 2M-2BuOD. 

' O ° K  

I\ L L L A L L  wo 3300 36M: A -l lLuLL 030 3300 36oc 

Wave Number, wkm-') 

A 
& 
DO 3300 3601 

Figure4 IR absorption spectra ( I o  - I ) / I o  of the 0 - H  vibration of 2M-2BuOH at 
four temperatures. 
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286 A. DAPRANO et al. 

Tables 1 and 2 summarize the values of center frequencies w, widths 
(HWHM) r and percentage of areas I obtained for n-PeOH and 
2M-2BuOH at various temperatures. 

Figures 3 and 4 represent for n-PeOH and 2M-2BuOH respectively 
the relative absorption ((I, - f)/f, at various temperatures, in the same 
wave numbers region examined by Raman spectroscopy. Given the 
connection of both IR absorption coefficient and anisotropic Raman 
scattering with the vibrational density of states VDOS g ( ~ ) , ' ~ , ' ~ * ~ ~  our 
data have been treated without any deconvolution in order to have a 
direct comparison between IR and Raman spectral response. Details on 
this point will be extensively discussed in the next section. 

3 DISCUSSION 

A Polarized Raman scattering 

The main purpose of our discussion is to have a better understanding of 
the self-associated molecular species, previously postulated in the two 
pentanol isomers, through a detailed analysis of the internal vibrational 
mode as a function of the temperature. For clarity the results will be 
discussed separately for n-PeOH and 2M-2BuOH. 

n-PeOH As mentioned in Section 1, the polarized spectral contribu- 
tion fuu(co) mainly reflects the isotropic coherent dynamical structure 
factor. On the basis of the previous results15 the bands centered at w, 
and w 3  (see Table 1 of Ref. 15) have been assigned to free and/or end 

I \ i(500- 
\ 

I I 

2.15 2.85 2.95 
4 I, 

Figure 5 (a) Temperature dependence of the frequency shift AW=W,-~ ..o-mo--H for 
the components of the polarized Raman spectra in n-PeOH. Squares: w,  - w , ;  triangles: 
w4 - wz;  circles w4 - w 3 .  (b) Relationship between the bond length R,. .,, and the 
fundamental 0-H on hydrogenous systems. 
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0-H groups and dimeric unit respectively, while the remaining bands 
(wl and w 2 )  have been assigned to oligomers with aggregation numbers 
greater than two. Figure 5a represents the Am shifts (Am = ~4 - mi, 
i = 1,  2, 3) as a function of temperature. As can be seen, a decreasing 
trend exists for all the self-associated species as T increases. 

As pointed out by different a ~ t h o r s ~ - ~ # ~  the frequency shift is strictly 
correlated to the variation of the potential surface minimum that 
reflects the change in the O..-O distance. In order to find this 
connection, in Figure 5b the empirical correlation chart21 between the 
O..*O distance and the frequencies, is reported. A comparison of 
Figures 5a and 5b allows us to  explain the following features: 

a) Because higher frequency shifts are connected to more extended 
species, we can expect longer Ro..,o distances for dimers than for 
oligomers. 

b) For the different n species we observe a decreasing of the 
frequency shift Am = w4 - on (n = 1,2,3) with the increasing of the 
temperature. This indicates that the intermolecular Ro...o distance 
becomes longer in agreement with the correlation chart indications. 
This behaviour can be justified by taking into account that anharmoni- 
city and disordering effects play a major role at higher temperatures. 

We next consider the band width evolution with the temperature. From 
an inspection of Table 1 we note that the half width associated with free 
or end groups are more than one order of magnitude narrower than 
those of the other species where hydrogen bond is present. In addition 
the r, (n = 1,2, 3) increases with the extent of the structure. Since 
various mechanisms contribute to the broadening of the bands,4 and in 
view of the gaps in the existing theory we are forced to give only a 
qualitative interpretation of such a phenomenon. 

As far as the temperature changes are concerned, the relatively large 
broadening can be rationalized by considering the overlap4 of the 
molecular reorientation and anharmonicity effects. A similar increase 
with temperature is shown by the line width r3 of the dimeric band. In 
our opinion, an additional factor is to be taken into account in this 
case: the finiteness of the mean life time of the H-bond originates in fact 
a fluctuation of the local environment with consequent time dependent 
polarization phenomena. As far as the more extended structures are 
concerned, the effects of the structural disorder, associated with the 
temperature, dominate the anharmonicity effects, so that an overall 
narrowing with the increasing of the temperature for the oligomer 
bands (r, and r,) results. 

It must be pointed out that (although this is outside the objective of 
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288 A. DAPRANO et al. 

our study) the knowledge of the overtone bands evolution4 could allow 
the separation of these two contributions. 

In a first approximation the intensities of the spectral bands are 
connected with the scatterer populations. From this point of view the 
variation of the intensities shown in Figure 6 indicates that the higher 
oligomers, densely populated at lower temperatures, evolve as a tran- 
sient species towards the simpler aggregates (monomers and dimers) as 
the temperature increases. As far as the I ,  behaviour is concerned the 
presence of the maximum can easily be explained by attributing the 
increase of the population on the left side as due to the transition of the 
higher oligomers I ,  to the lower aggregates whereas the decrease on the 
right side corresponds to the increase in the population of dimers and 
monomers. 

2M-2BuOH As previously pointed out, in view of the more compact 
geometry of 2M-BuOH with respect to the isomer n-PeOH, self- 
associated species higher than dimers cannot be expected. The four 
bands obtained by the deconvolution of VV spectra have shown that, 
besides monomers and open dimers, two cyclic dimers (resulting by 
weak intermolecular hydrogen bond between C-H of C, methyl 
group with one of the oxygen lone pair orbital) also exist. 

The different O..-O distances observed in this case with respect to 
the open dimers strictly support our previous a~signments. '~ In order 
to have a deeper understanding on this point let us consider the 
behaviour of Ami as a function of the temperature, shown in Figure 7a 
and its correlation with the empirical distance correlation chart (Figure 
7b). An inspection of the figure shows that Am, for all the species, are 
temperature dependent with a decreasing of the slope as T increases. 

Concerning the relative value of Aw for the three different species, we 
observe that, while the frequency shift Am3 attributed to the open 
dimers corresponds to an Ro...o distance very close to the one found for 
the corresponding species in n-PeOH, for the other two species a 
smaller Ro...o distance is observed. This latter result can be rationalized 
by considering the increase in the hydrogen bond strength necessary to 
hold these bulkier structures. Unfortunately, in the absence of appro- 
priate quantum-mechanical calculations, it is practically impossible to 
distinguish which of the two conformers (with the lone pair oxygen 
orbital on the same side or on the opposite side respect to the 0-H 
bond plane) corresponds to Am, and Am2 shifts. 

Let us now consider the HWHM values reported in Table 2. As 
previously observed for n -PeOH the half widths associated with free or 
end groups are much smaller than those observed for the other species. 
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T(K) 
Figure 6 
polarized Raman bands in n-PeOH. 

Temperature dependence of the integrated area I ,  ( n  = 1,2,3,4)  of the 0 - H  

250 300 350 2.15 2.85 02.95 
T ( K )  Ro ... o ( A )  

Figure 7 (a) Temperature dependence of the frequency shift Ao=oo~H.. .o-oo-H for 
the components of the polarized Raman spectra in 2M-2BuOH. Squares: o4 - wl; 
triangles: w4 - w 2 ;  circles w4 - 0 3 .  (b) Relationship between the bond and length Ro..,o 
and the fundamental 0 - H  on hydrogenous systems. 
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In addition a broadening of r4 as T increases (imputable to similar 
mechanism considered for n-PeOH) is present. For the other three 
species we observe an almost temperature independent broadening of 
r. The values are also less differentiated than those obtained for n- 
PeOH probably arising from the bigger steric hindrance of the alkyl 
chain present in 2M-2BuOH that do not allow aggregates with 
coordination numbers higher than two. 

In Figure 8 the evolution of the relative intensities of the various 
deconvoluted bands vs. Tis shown. As one can see, the relative intensity 
associated with the unbonded 0-H groups increases with T,  and 
reach a value of 24.8% at the higher temperature examined. The 
integrated area I ,  associated with the open dimers shows quite a similar 
behaviour to that of the n-PeOH. 

The I,and f, intensities are furthermore connected with the existence 
of the two cyclic conformers. Considering the behaviours of I ,  and I, 
vs. T, we can see that, while I, dramatically decreases as T increases, I ,  
shows a wide maximum at - 360 K. This indicates that the population 
of the conformers having the smaller intermolecular O.-.O distance (i.e. 
that associated with ZI) decreases when T increases in a dynamic 
process in which the other species are populated. 

A convincing argument for our previous choices for the assignments 
of the dimeric bands in 2M-2BuOH is obtained from the comparison 
of the evolution of the band associated with the open dimers in n-PeOH 
with the corresponding bands in 2M--2BuOH, as shown in Figure 9, 
where the relative intensities I, (Figure 9a) and the center frequency 
shifts A u 3  (Figure 9b) for the two alcohols are plotted vs. T. 

B 

The analysis of the Raman scattering results was performed considering 
that the 0-H spectra are mainly induced by H-bonding effects. In 
other words, with the exception of the band centered at - 3600 cm- ’. 
(due to isolated 0-H groups) all the other vibrational bands are 
“collective types.” 

In the last few years it has been shown that, as in the case of 
disordered systems such as vitreous and amorphous materials, the 
structured liquids also exhibit a dynamical response successfully ration- 
alized in terms of cooperative excitations. In particular, for molten salts 
like B,O, 2 2  and ZnCl, l 8  and SbCI, 23 (in which a spatial connectivity 
arises from intermolecular binding effects), for concentrated electrolytic 
solutions24 (in which the structural arrangement is similar to that of the 
corresponding hydrated crystals) and for H-bonded liquids like 

Infrared and depolarized Raman spectra 
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water,” the vibrational modes seem to be collective in character. In 
such cases, the isotropic component of the spectra can be directly 
connected with the eigenmodes of the system at a transferred wave- 
vector k - k l ,  whereas the anisotropic (depolarized) compo- 
nent Zanis(w) is related to the vibrational density of states (VDOS) of the 
system owing to the breakdown of the translation symmetry. Under 
these assumptions, we have performed a suitable deconvolution in 
symmetric bands of the isotropic (polarized) spectra, whereas the 
anisotropic contributions give rise to a broader frequency spectrum 
interpreted in a general way as the “true” generalized frequency 
distribution g(w) times a Raman electron-vibration coupling function 
P ( w ) ~ ~ .  It is worth noting the close similarity between inelastic light and 
inelastic neutron scattering studies. In fact, after a suitable data 
reduction, the coherent and incoherent inelastic neutron scattering 
shows features that can be related to the isotropic and anisotropic light 
scattering, respectively. 

As far as the infrared absorption data are concerned, according to 
this interpretation of the vibrational dynamics, a substantially analo- 
gous data reduction can be performed. In this case, it can be shown that 
the IR absorption spectra give rise to the same “true” g ( o )  times the 
transition matrix elements D(w). 

Let us write the data reduction expression for both the anisotropic 
Raman scattering Zanis(w) and the infrared absorbance cZ(w). For 
the Raman response, the experimental lanib(w) allows us to write the 
Raman effective density of states gfff(w) by the equationz3 : 

where w is the Stokes frequency shift and w,, is the excitation frequency, 
(coo - o ) - ~  takes into account the Stokes extra-radiation factor 
and the dielectric fluctuation correlation factor in the quasi- 
harmonic approximation. In Eq. (1) the term n ( o ,  T)  + 1 = 
[exp(hw/KT) - 11-’ + 1 is the Bose-Einstein population factor. In 
turn the gfff(w) is related to the true g(0)’9.20 by: 

where the summation is extended to all the sub-bands b. 

absorbance spectrum is related to the true g(w) by the equation: 
At the same time, it can be shown that the experimental infrared 
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On the basis of the above models, our IR absorbance and anisotropic 
Raman data, suitably reduced, give for the two alcohols the quantities 
gfff(w) and w . eZ(w) as a function of the temperature. The results are 
shown in Figures 10 and 11. In particular Figure 10 shows the Raman 
derived spectral distribution functions at three temperatures in the 
region of wave number from 3000cm-’ to 3800cm-’ for the two 
alcohols. These spectral densities are, as expected, broader than the 
isotropic components. Figure 11 shows the infrared derived spectral 
distribution functions at two temperatures in the region of wave 
numbers from 3000 cm-’ to 3800 cm-’. As expected these latter 
spectral densities are similar to the corresponding Raman ones. At this 
point, in order to find the quantity of interest g(w), both the coupling 
coefficients (or matrix elements) Pb(o) and Db(m) must be determined. 
Unfortunately, these quantities are practically unknown, and only 
recently have a few attempts of quantum mechanical calculations for 
the force constants determination been made.’ 9 9 2 0  

As an alternative procedure we can estimate the g ( o )  - Cb gb(w) 
from an inelastic incoherent neutron scattering experiment (IINS) and 
then obtain direct information about the o-dependence of the 
coupling coefficients, without using theoretical calculations. Compar- 
ison between the IR and Raman and Neutron response for this purpose 
exists in literature only in a few c a ~ e s . ~ ~ , ~ ~  Unfortunately, since IINS 
data have not been carried out so far in our system, it is not possible to 
know Pb(w) and Db(w) or to follow the temperature evolution of these 
quantities. However we can note that the IR and Raman spectral 
patterns observed for the two alcohols show some similarity in the 
shapes. This evidence suggests that we can assume that gffr(w) and 
w .  ~ ~ ( 0 )  to consist of a linear combination of sub-bands VDOS gb(w) 
times different coupling coefficients “w-independent” over the width of 
each b band. 

According to the above hypothesis, we could say that our spectral 
densities mimic the “true” VDOS. In our opinion, the answer to this 
problem can be definitely obtained by an appropriate IINS experiment. 

4 CONCLUDING REMARKS 

In this paper we have presented an analysis of the high-frequency 
vibrational dynamics of the two n-PeOH and 2M-2BuOH isomeric 
alcohols. The 0-H stretching region was investigated in a very large 
temperature range from the normal to the superheated liquid state by 
the use of both IR absorption and Raman scattering techniques. The 
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results allow us also to draw the following conclusions: 

i) the polarized (= isotropic) spectra unambiguously show the H- 
bonding effects through the strong influence of the symmetric sub- 
bands parameters by the temperature. The connection between the 
local structure (i.e. association phenomenon) and vibrational bands is 
discussed in terms of a cooperative model for the light scattering. The 
existence of monomers and dimeric unities (open and cyclic) are 
confirmed for the sterically hindered 2M-2BuOH. On the contrary 
monomers, dimers and oligomers give rise to vibrational bands with a 
frequency shift that increases with the spatial extent. The relative 
intensity of the bands are strongly T dependent. These circumstances 
were connected to the existence in both alcohols of a hierarchy of 
structures with relative population that varies with T by means of a 
microscopic dynamic process. We have also observed a common trend 
for the two systems: lower temperature tends to promote topologically 
more extended structures. 

ii) The frequency contributions to the anisotropic Raman spectra 
were directly connected with the IR absorbance spectra. Both Raman 
and IR responses give information on the vibrational density of the 
states (VDOS) that is convoluted with the transition matrix elements. 

Our results conclusively confirm that the 0-H fundamental vibra- 
tional in associated alcohols can be understood in terms of H-bond 
imposed binding effects. 
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