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Bandwidths of In-Phase Mode in PinacolRaman m
1

Hexahydrate and Piperazine Hexahydrate
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The Raman bandwidths of the in-phase mode in pinacol hexahydrate and piperazine hexahydrate with two-m
1dimensionally hydrogen-bonded networks were observed below room temperature. The changes in the bandwidth

with temperature were analysed on the basis of the scattering of the in-phase mode by low-wavenumber phononsm
1through the anharmonic coupling. The results are compared with those for ice Ih and the di†erence in the scattering

process between the present systems and ice Ih is discussed. 1997 by John Wiley & Sons, Ltd.(

INTRODUCTION

We have reported previously the vibrational spectra of
some systems with two-dimensionally hydrogen-bonded
networks, and shown that the Raman spectra in the
OÈX stretching region (X \ H or D) of piperazine hexa-
hydrate,1 and pinacol hexahy-Cu(HCO2)2 É 4H2O2
drate3 are similar to that of ice Ih,4h6 especially for the
in-phase mode.1h6 This mode is the coupling model1among the modes of water molecules and appears atl1the lowest wavenumber with an intensity of almost half
of the whole intensity in the OÈX stretching region. As
reported for piperazine hexahydrate,1 the bandwidth of
the in-phase mode changes clearly with temperature,l1as found in ice Ih,5 suggesting a similarity also in the
relaxation process between piperazine hexahydrate and
ice Ih. The relaxation process of the optical phonon has
been explained in terms of the scattering by low-
wavenumber phonons (external mode) through anhar-
monic couplings,5,7,8 that is, external modes control the
temperature dependence of the bandwidth of the optical
phonon, although the temperature dependence is some-
times controlled by the activation process of molecular
motions.9,10 Since the external mode is sensitive to the
structure or the symmetry in crystals, it is interesting to
compare the temperature dependence of the bandwidth
of the in-phase mode in the present systems with thatl1in ice Ih. We therefore measured the bandwidth of the
in-phase mode in piperazine hexahydrate and pinacoll1hexahydrate. The results were analysed using the
method reported by Sivakumar et al.,5 and indicate two
types of relaxation process, which are discussed in
detail. The intensity of the scattering process is also dis-
cussed in relation to the di†erence in the structure
between the present systems and ice Ih.

EXPERIMENTAL

Pinacol hexahydrate and its fully deuterated analogue
were obtained by crystallization from aqueous and deu-

* Correspondence to : I. Kanesaka.

terated aqueous solutions, respectively. The Raman
spectra were observed using a JASCO-R800 spectro-
meter and an argon ion laser (514.5 nm excitation). The
temperature was controlled using a cryostat (CTI
Cryogenics) in the range 295È21 K. The observed
Raman bands were calibrated with mercury lines and
are believed to be accurate within ^ 2 cm~1.

RESULTS AND DISCUSSION

The Raman spectra of pinacol hexahydrate and its deu-
terated analogue are given in Figs 1 and 2, respectively,
where the in-phase modes are observed at 3130 andl12325 cm~1 at the lowest temperature. According to the
vibrational analysis,1,3 there are some weak bands near
the in-phase mode, resulting in a somewhat asym-l1metric band shape, as seen in Figs 1 and 2. Hence the
bandwidth of the in-phase mode was measured usingl1the lower region than the peak position, following the
procedure used by Sivakumar et al.5 The results for
pinacol hexahydrate are given for the H and D systems
in Fig. 3. The bandwidths of the in-phase mode inl1piperazine hexahydrate are given for the H and D
systems in Fig. 4, where those in ice Ih5 are also given
for comparison.

In Figs 3 and 4 the bandwidths change only slightly
below 100 K, except for piperazine hexahydrate, and
increase almost linearly above 100 K. It is known that
these changes in the bandwidth can be well explained in
terms of a scattering process involving three
phonons4,7,8 rather than the activation of molecular
motions,9,10 where the bandwidth increases non-
linearly as the temperature increases. In pinacol
hexahydrate pinacol molecules have a twofold
orientational disorder at room temperature11 but are
ordered at 192 K.12 However, no e†ect of the phase
transition on the bandwidth was found, as can be seen
in Fig. 3. In piperazine hexahydrate we found a phase
transition at 170 K,1 which is ascribed to an orderÈ
disorder type associated with the equatorialÈaxial equi-
librium of the NH groups. However, this also does not
a†ect the bandwidth, as seen in Fig. 4. If ordering in the
hydrogen positions in the hydrogen-bonded networks
takes place, a clear change in the bandwidth should be
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Figure 1. Raman spectra in the O–H stretching region of pinacol
hexahydrate (H system).

Figure 2. Raman spectra in the O–D stretching region of pinacol
hexahydrate (D system).

Figure 3. Bandwidth vs. temperature plots for pinacol hexa-
hydrate. The fit using Eqn (1) is given by the solid line.

observed. Hence, it is considered that the results in Figs
3 and 4 show that no ordering in hydrogen positions
takes place.

The bandwidths in Figs 3 and 4 were analysed on the
basis of a scattering process involving three

Figure 4. Bandwidth vs. temperature plots for piperazine hexahy-
drate and ice Ih. The fit using Eqn (1) is given by the solid line.
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phonons,5,7,8 which conserves the wavevector
(momentum), and the energy,K1\ K2] Kp , l1\ l2before and after the scattering, where and] lp , K

i
l
iare due to the ith mode and p means the phonon due to

the external mode and the relation holds in thel2? lppresent systems. Sivakumar et al.5 analysed the band-
width using the expression

*l8 1@2(T ) \ *l8 1@2(0)] Cnp (1)

where is the intrinsic bandwidth at T \ 0,*l8 1@2(0) npthe phonon occupation number, np \ 1/[exp (hlp/kT )
[ 1], where h and k have their usual meanings and C is
a parameter representing the magnitude of anharmonic
coupling and the sum of Equation (1) holds for theKp .
scattering process as found in ice Ih,5l1\ l2 [ lp ,
where there is no suitable mode, just below the in-l2 ,
phase mode. Hence Eqn (1) was used for analysingl1the bandwidth data of the in-phase mode in Figs 3l1and 4. The results are presented using the solid lines in
Figs 3 and 4, and the parameters obtained are given in
Table 1.

The Ðts between the observed and calculated band-
widths seem satisfactory in Figs 3 and 4, indicating that
one phonon branch with of 234È213 or 151 cm~1 islpinvolved in the scattering process, as seen in Table 1.
The Raman band at 214 cm~1 in ice Ih4,13 has been
assigned to the translational mode in the andA1g , E1gspecies on the basis of symmetry. HenceE2g D6h lp ,
except for piperazine hexahydrate (H system), may be
assigned to the translational mode due to water mol-
ecules, in agreement with the observed Raman spectra
of piperazine hexahydrate (D system) and pinacol hexa-
hydrate, as shown in Fig. 5, where broad bands similar
to those in ice Ih are observed above 196 and 190 cm~1,
respectively, although their assignments are not certain.

The value of 151 cm~1, in piperazine hexahydratelp ,
(H system) di†ers from those in the other systems, as
seen in Table 1. This suggests that in piperazine hexa-lphydrate is not to be attributed to water molecules but
to piperazine molecules. A characteristic of the pipera-
zine hexahydrate (H system) seems to be the CÈH
stretches, which are lower in wavenumber than the in-
phase mode, although this is true for pinacol hexa-l1hydrate (H system). Hence it is possible that the
scattering process takes place in piperazinel1\ l2] lphexahydrate (H system), where and are attributedl2 lpto the piperazine networks. In this process Eqn (1)
should be re-written as5,7,8

*l8 1@2(T ) \ *l8 1@2(0) (1] n2] np) (2)

where is neglected in the present system; it should ben2noted that in Eqn (2) corresponds also to C in*l8 1@2(0)
Eqn (1). The Ðt using Eqn (2) with was much lessn2\ 0

Table 1. Parameters obtained using Eqn (1)

System X Dl8
1@2(0)/cmÉ1 C /cmÉ1 l

p
/cmÉ1

Piperazine · 6X
2
O H 43 146 151

D 27 194 228

Pinacol · 6X
2
O H 41 239 234

D 23 100 222

Ice Ih H 20 227 213

D 13 125 220

Figure 5. Raman spectra in the region of lattice vibrations of
pinacol hexahydrate (top) and deuterated piperazine hexahydrate
(bottom).

satisfactory for piperazine hexahydrate (H system), as
would be expected from Table 1. The large disagree-
ment in the analysis using Eqn (2) suggests that Eqn (2)
should be modiÐed. We assumed the expression

*l8 1@2(T ) \ *l8 1@2(0) (1] f 2np) (3)

where the value of f is found to be 1.8 from Table 1.
Intuitively, we can see that f B 2 reÑects a two-
dimensionally hydrogen-bonded network. In the pertur-
bation Hamiltonian7 with the anharmonic operator
given by where a and a* are thea(K1) a(Kp) a*(K2),annihilation and creation operators, respectively, a(Kp)may be replaced by in the two-a

x
(Kp) ] a

y
(Kp)dimensional case because of the approximate twofold

degeneracy of the mode. This indicates that the valuelpof f is not unity but 2, in agreement with the observ-
ation. This suggests that f \ 3 in cases of threefold
degeneracy such as ice Ih, if the scattering process of

occurs. This was not important here,l1\ l2] lphowever, as described above, although the relation with
f\ 3 does hold approximately in ice Ih, as can be seen
in Table 1.

Klemens7 has discussed the absolute value of C,
assuming that is the acoustic mode andlp( \ l2) Kpalmost constant. Since is the optical mode in thelppresent system, by referring to the dispersion relation in
ice Ih,14 no restriction can be imposed for the sum of

in the scattering process. This sum is usuallyKpreplaced by the integral of However,4n / Kp2 dKp .7
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if behaves two-dimensionally, the integral is givenKp which is less by a factor of ca. 10~7 than2n / Kp dKp ,
the integral for the usual case. This suggests that the
value of C di†ers by a factor of 10~7 in pinacol hexahy-
drate and ice Ih. In fact, the value of C obtained is
almost same in both systems in Table 1, indicating that
there is no large di†erence in the sum of betweenKp

the two- and three-dimensional cases, because the
anharmonic constants are not so di†erent from each
other by the order of 103.5. Accordingly, although the
in-phase mode and in pinacol hexahydrate arel1 lpmade up in the monolayer due to water molecules, their
vibrational correlation among the layers which interact
weakly is considered to be maintained.

REFERENCES

1. I. Kanesaka, K. Kuwano and T. Ishioka, J. Raman Spectrosc.
24, 889 (1993); 26, 283 (1995).

2. I. Kanesaka and K. Kuwano, J. Raman Spectrosc . 25, 943
(1994).

3. I. Kanesaka, K. Kuwano, S. Yonezawa and T. Ishioka, J.
Raman Spectrosc . 27, 395 (1996).

4. J. R. Scherer and R. G. Snyder, J . Chem. Phys. 67, 4794
(1977).

5. T. C. Sivakumar, S. A. Rice and M. G. Sceats, J . Chem. Phys.
69, 3468 (1978).

6. R. McGraw, W. G. Madden, M. S. Bergren, S. A. Rice and M.
G. Sceats, J . Chem.Phys. 69, 3483 (1978).

7. P. G. Klemens, Phys.Rev. 148, 845 (1966).

8. J. C. Bellows and P. N. Prasad, J. Chem. Phys. 70, 1864
(1979).

9. P. da R. Andrade, A. D. Prasad Rao, S. R. Katiyar and S. P. S.
Porto, Solid State Commun. 12, 847 (1973).

10. P. da R. Andrade and S. P. S. Porto, Solid State Commun. 14,
547 (1974).

11. H. S. Kim and G. A. Jeffrey, J. Chem.Phys. 53, 3610 (1970).
12. M. Oguni, T. Matsuo, H. Suga and N. Nakamura, J. Magn.

Reson. 33, 51 (1979).
13. I. Kanesaka and Y. Nagata, J. Raman Spectrosc . 27, 625

(1996).
14. P. Bosi, R. Tubino and G. Zerbi, J . Chem. Phys. 59, 4578

(1973).

( 1997 by John Wiley & Sons, Ltd. Journal of Raman Spectroscopy, Vol. 28, 251È254 (1997)


