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The two characteristic H-bonded OH stretching bands of �-
monoalkyl-!-hydroxyorigo(oxyethylene)s, (CnEm), have been
observed at about 3460 and 3330 cm�1 in the liquid state; the
former is due to the localized OH���O hydrogen bonds and the
latter, the OH���OH���O hydrogen bonds of chain structures.
The two bands were applied to the investigation of the phase
transition process from the liquid to the solid for C12E3.

Self-organization of amphiphilic molecules which is one of
the fundamental processes in solution chemistry is of great im-
portance in biotechnology. Suitable probes are desired for eluci-
dating those processes. In this paper, we report that the H-bond-
ed OH stretching bands are usable as key bands for monitoring
the structural behavior of nonionic surfactants, �-monoalkyl-
!-hydroxyorigo(oxyethylene)s (abbreviated as CnEm) even in
states of complicated aggregation such as the liquid state. In
the infrared spectra of CnEm, the sharp free OH stretching band
is observed at about 3640 cm�1 in CCl4 in analogy with primary

alcohols.1 The H-bonded OH stretching wavenumbers of 3460–
3400 cm�1 of CnEm in the liquid state, however, differ clearly
from those of the alcohols, as given in Figure 1, indicating that
the hydrogen bond of CnEm may be different from that of the al-
cohols in the liquid state. For all the alcohols, the H-bonded OH
stretching bands are observed at about 3330 cm�1 in the liquid
state. It is well known that the free OH stretching band is shifted
to lower wavenumbers upon the formation of hydrogen bonds
and the magnitude of the red-shift is proportional to the strength
of the hydrogen bond.2 For CnEm, the band shape shows the
overlapping of two major components. In fact, the broad bands
can be resolved into two components, for example, the bands
at 3460 and 3330 cm�1 for C12E3 and C1E1 (B and C of
Figure 1), by Gaussian–Lorentzian functions, though the broad
band would be composed of many types of H-bonded OH vibra-
tions. The relative intensity of the band at about 3460 cm�1 in-
creases with increasing the oxyethylene unit, m, of CnEm. This
is interpreted that the population of the molecules concerned
with the 3460 cm�1 band increases compared to that concerned
with the 3330 cm�1 band. Recently, theoretical calculations such
as B3LYP and MP2 methods give in general precise harmonic
vibrational wavenumbers.3 In order to confirm the above results,
theoretical calculations by the B3LYP/6-311++G(d,p) method
were performed for several H-bonded models.4 In the calcula-
tions, diethyl ether (R2O) and ethyl alcohol (ROH) were used
as the simple model compounds for CH2CH2OCH2CH2– part
and the –CH2CH2OH part of CnEm, respectively. The optimized
geometries are shown in Figures 2 and 3. The harmonic OH
stretching wavenumbers calculated are scaled by 0.93, because
the calculated harmonic values are higher by about 10% than
the observed unharmonic values.3 The calculated H-bonded
OH stretching wavenumbers are divided into two groups.
One is 3412 (538) cm�1 for R2O���HOR (Figure 2a), 3424
(443) cm�1 for R(H)O���HOR (Figure 2b), 3457 (371) and
3431 (511) cm�1 for ROH���(R2)O���HOR (Figure 2c), and
3459 (360) and 3442 (511) cm�1 for ROH���(RH)O���HOR
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Figure 1. The H-bonded OH stretching bands of CnEm and pri-
mary alcohols in the liquid state.
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Figure 2. The localized OH���O hydrogen bonds optimized by
the B3LYP/6-311++G(d,p).
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(Figure 2d), where the intensity, kmmol�1, is indicated in paren-
theses. Another is 3355 (626) and 3320 (787) cm�1 for R2O���
HO(R)���HOR (Figure 3a), 3360 (737) and 3323 (684) cm�1

for R(H)O���HO(R)���HOR (Figure 3b), and 3360 (754), 3348
(957), and 3301 (58) cm�1 for the cyclic trimer of ROH (Figure
3c). Thus, the calculated results indicate that the 3460 cm�1 band
is associated with the localized OH���O hydrogen bond or the
OH���O���HO hydrogen bond (the localized OH���O hydrogen
bonds), as is likely to occur mainly for the hydrogen bond be-
tween OH and ether oxygen of CnEm. This band is experimental-
ly found at about 3470 cm�1 for the cyclic dimer of C1Em (n ¼ 1
and 2)5 and at about 3480 cm�1 for the 8-menbered-ring mono-
mer of C1Em (n ¼ 2 and 3) in CCl4.

6 The 3330 cm�1 band is as-
sociated with the OH���OH���O hydrogen bonds, as is likely to oc-
cur for hydrogen-bonding networks among hydroxyl groups of
alcohols and also CnEm. It is therefore interpreted that for CnEm

two characteristic bands are present in the liquid state; the local-
ized OH���O hydrogen band at about 3460 cm�1 and the
OH���OH���O hydrogen band of chain structures at about
3330 cm�1.

The two bands were applied to the investigation of the phase

transition process from the liquid to the solid for C12E3 at tem-
peratures of 301 to 270K. Figure 4 shows that the intensity of
3460-cm�1 band decreases, while that of the shoulder 3330-
cm�1 band increases with decreasing temperature and then the
3330-cm�1 band is dominant and two new sharp bands appear,
which are observed at 3323 and 3250 cm�1 at 270K. The
3323- and 3250-cm�1 bands should be assigned to the in-phase
and out-of-phase modes, respectively, of the ordered (���OH���
OH���OH)n zigzag chain structures in the solid on the basis of
the results of alcohols.7 Thus, the above results indicate that
the population of the hydrogen bond between OH and ether oxy-
gen (the 3460-cm�1 band) decreases and that between OH and
hydroxy oxygen with chain structures (3330 cm�1) increases
with decreasing temperature. The latter is predominant at the
temperature immediately before solidification shown in 5 and
6 of Figure 4 (mp of C12E3 is 289.5–290K

8), and the latter with
more strong intermolecular hydrogen bonds leads to the forma-
tion of the solid with the ordered (���OH���OH���OH)n zigzag
chain structures at the melting point or lower.

In conclusion, the two characteristic H-bonded OH stretch-
ing bands are present for CnEm; the localized OH���O hydrogen
band at about 3460 cm�1 and the OH���OH���O hydrogen band
of chain structures at about 3330 cm�1. The two key bands are
useful for investigating the structural behavior of the compounds
containing ether oxygen and hydroxyl oxygen such as CnEm in
states of aggregation.
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Figure 3. The OH���OH���O hydrogen bonds optimized by the
B3LYP/6-311++G(d,p).
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Figure 4. The spectral change in the phase transition from the
liquid (1–4) to the solid (8, 9).
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