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The cluster structures observed by means of mass spectrometry for binary mixturesstert-butyl alcohol (TBA)-
H2O and tetrahydrofuran (THF)-D2Oswith varying mixing ratios exhibit striking contrast, even though both
TBA and THF are miscible with water at any mixing ratio. In the TBA-H2O mixtures at TBA mole fractions
of (XTBA) e 0.01-0.025, some of the H2O molecules in the H2O clusters are replaced by TBA molecules.
For 0.01-0.025e XTBA e 0.2-0.3, the self-aggregation of TBA forms dominant cluster structures, and the
hydrogen-bonded water clusters are disintegrated with increasingXTBA. This TBA self-aggregation is reduced
with further increasing TBA atXTBA g 0.3. However, in the THF-D2O mixtures, THF molecules have a
weak additional interaction with D2O clusters, and the self-aggregation of THF is not promoted in the THF-
D2O mixtures. The D2O clusters still exist, even at a THF mole fraction ofXTHF ) 0.3. On the basis of the
observed cluster structure, the mechanism for the mixing between water and the organic solvent and the
controlling factors in the self-aggregation are proposed.

Introduction

Even though an organic solvent is miscible with water, the
intermolecular interactions of water-water, water-organic
molecule, and organic molecule-organic molecule are not the
same. The interaction between water and the hydrophobic group
of the organic solvent molecule should be especially weak in
the mixtures. As a result of the balance of these intermolecular
interactions in the water-organic solvent mixture, clusters will
be formed easily in the mixture.

Because organic molecules have different kinds of inter-
molecular interactions in their aqueous solutions, we confine
our focus totert-butyl alcohol (TBA) and tetrahydrofuran (THF)
because TBA has an OH group but THF does not. Although
both of them are miscible with water at any mixing ratio, the
balance of intermolecular interactions in a TBA-water mixture
should be quite different from that in a THF-water mixture.
This will lead to the difference in the cluster structure.

Many investigations have been performed on physical and
chemical properties of the TBA-water1-4,7,8 and THF-water
mixtures5-8 through various experimental and theoretical ap-
proaches. It has been concluded that the characteristic micro-
scopic structure in these mixtures in a water-rich region is a
cage structure of water molecules around TBA and THF
molecules. However, the difference in the intermolecular
interactions between TBA-water and THF-water was not
exactly reflected in the reported results. Here we report how
the difference in the intermolecular interactions is reflected in
the cluster structure observed through the mass spectrometric

analysis of clusters isolated from liquid droplets. The resulting
information on the cluster structures in these binary mixtures
also shows the difference in the way of mixing at the molecular
level.

Experimental Section

The mass spectra of clusters generated from liquid droplets
were measured by a specially designed mass spectrometer. This
original design was proposed by Nishi.9,10The details have been
provided elsewhere.9-12 The spectrometer consists of a heated
nozzle, a quadrupole mass filter (Extrel C50-4000), and a four-
stage differentially pumped vacuum system divided by the
skimmers. A sample solution was injected into the first chamber
(10-1 Torr) through the heated nozzle (160-155 °C) with a
flow rate of 0.12 mL/min by using a liquid chromatograph pump
(Shimazu, LC-10AD). The nozzle was heated electrically to
form a flow of liquid droplets against the decrease in temperature
due to the vaporization, and its temperature was monitored and
controlled by two sets of thermocouples on the nozzle. When a
part of the solution is vaporized in the nozzle, the resulting gas-
liquid mixtures form a flow of liquid droplets. The temperature
of the liquid droplets should be much lower than the nozzle
temperature. This temperature difference was estimated to be
70-90°C.9,10Owing to the pressure gradient, the resulting liquid
droplets are led to the second (10-3 Torr) and the third (10-5

Torr) chamber, which leads to the fragmentation of the liquid
droplets into clusters via adiabatic expansion. The mass spectra
of the clusters were measured by the quadrupole mass filter
after an electron-impact ionization with 30.1 eV.

The pure water was prepared by Milli-Q SP. TOC (Millipore).
The TBA (99.0%, Wako), THF (99.5%, no stabilizer, Wako),
and D2O (99.9%, Aldrich) were used without further purifica-
tion. The concentrations of the sample solutions were expressed
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by TBA mole fractions (XTBA) and THF mole fractions (XTHF):
XTBA ) 0.0, 0.0024, 0.005, 0.0075, 0.01, 0.025, 0.05, 0.1, 0.2,
0.3, 0.4;XTHF ) 0.0, 0.01, 0.05, 0.1, 0.2, 0.3, 0.6, 0.8.

Results

1. TBA-Water Binary Mixtures. It was observed through
mass spectrometry that the cluster structures in TBA-water
mixtures varied remarkably depending on the TBA mole fraction
(XTBA). We could classify the TBA-water mixtures into three
regions according to the observed cluster structures as follows:
region A (0e XTBA e 0.01-0.025), region B (0.01-0.025e
XTBA e 0.2-0.3), and region C (0.3e XTBA). The representative
mass spectrum of each region is shown below.

Region A (0e XTBA e 0.01-0.025).The mass spectrum of
clusters for pure water (XTBA ) 0) is shown in Figure 1. The
hydrogen-bonded water clusters, H+(H2O)n, are observed as a
series of clusters. This mass distribution is very reproducible
and in good agreement with the reported results.11,12 Although
H+(H2O)n clusters fromn ) 1∼50 were observed, the sensitivity
and the resolution get worse in lower- and higher-mass regions,
respectively. Furthermore, in lower-mass regions, fragmented
clusters from larger clusters might be included. To avoid these
influences, the region shown in each Figure was focused here.
Some peaks are observed as the prominent peaks compared with
their neighboring ones. The most representative one is the peak
of H+(H2O)21, which is called “magic number species.” The
magic number property indicates that more stable structure is
included as one of the isomers. It should be noted here that the
formation of magic number species reflects the stability after
fragmentation of clusters via electron impact ionization. There-
fore, the magic number anomaly does not reflect the mass
distribution in the solution. However, when a sample solution
such as a TBA-water mixture has the same hydrogen bonding
network of water as that in the pure water, the mass distribution
including the magic number species will be always observed.
Here we use the magic number property as an index which
reflects the clustering structure of the pure water.

At 0 e XTBA e 0.01 ∼ 0.025, the hydrogen-bonded water
clusters, H+(H2O)n, as observed in pure water (Figure 1),
compose a main structure in the molecular clustering. Figure
2a shows a mass spectrum of clusters generated from a solution
at XTBA ) 0.0024. In addition to the series of water clusters,
TBA hydrate clusters, H+(TBA)m(H2O)n: m ) 1 ∼ 5, are
observed as a series of clusters in this region A. The blue, red,
yellow, and green lines in Figure 2a correspond to the cluster
series of H+(H2O)n, H+(TBA)1(H2O)n, H+(TBA)2(H2O)n, and
H+(TBA)3(H2O)n, respectively. When we focus on the series

of clusters composed of the same number of TBA molecules
(m) and the varying number of water molecules (n), as shown
by the connected lines in Figure 2a, each series of clusters is
found to show mass distribution similar to that for the pure
water. This indicates that the hydrogen-bonding network of
water is not influenced by the mixing with TBA in this region
A. Accordingly, the magic number species are also observed
in each series of TBA hydrate clusters, but the number of water
molecules varies to satisfym + n ) 21 for H+(TBA)m(H2O)n
clusters. In Figure 2a, the TBA hydrate clusters, H+(TBA)m-
(H2O)n represented bym-n, show magic number property at
1-20 and 2-19. In addition to the magic number property, the
mass distribution of each series of cluster is similar to that of
the pure water. Therefore, the TBA molecule can have sub-
stitutional interaction with not only the magic number cluster
but also with all the water clusters in the region A.

Region B (0.01∼0.025e XTBA e 0.2∼0.3). In region B, the
TBA self-aggregation clusters form prominently instead of the
water clusters. Figure 2b shows a mass spectrum of the solution
of XTBA ) 0.2, as a typical one in the region B. In the clusters
H+(TBA)m(H2O)n represented bym-n, 3-0, 4-0, 5-0, and
6-0 are prominent in the relatively small clusters, while 7-1,
8-1, 9-3, and 10-5 are prominent in the relatively large
clusters. The TBA self-aggregation clusters, H+(TBA)m: m e
6, are stable, but those withm g 7 are stabilized by including
water molecules. As for the large clusters H+(TBA)m(H2O)n:

Figure 1. Mass spectrum for clusters generated from pure water (H2O).
The numbers written on the peaks representn for H+(H2O)n.

Figure 2. Mass spectra for clusters generated fromtert-butyl alcohol
(TBA)-H2O mixtures. The paired numbers represent m-n for H+-
(TBA)m(H2O)n. The peaks with the same number of TBA (m) are
connected by the colored lines. The blue, red, yellow, and green lines
correspond to the cluster series of H+(H2O)n, H+(TBA)1(H2O)n, H+-
(TBA)2(H2O)n, H+(TBA)3(H2O)n, respectively. The peaks labeled by
F represent the clusters including a fragmented TBA molecule. (a)XTBA

) 0.0024, (b)XTBA ) 0.2, (c)XTBA ) 0.3.
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m ) ∼10, we insist that the water molecules are incorporated
into the hydrogen-bonding network of TBA. The TBA large
clusters can exist stably only with existing water molecules,
because water molecules adhere TBA molecules by hydrogen
bonding.

Region C (0.3e XTBA). In region C, the self-aggregation of
TBA promoted by the presence of water, as observed in region
B, was obviously reduced with an increase ofXTBA. A typical
mass spectrum, observed forXTBA ) 0.3, is shown in Figure
2c. The self-aggregation clusters H+(TBA)m with m g 4 are
difficult to form. The H+(TBA)m(H2O)n clusters withm g 7
are also decreased markedly. AtXTBA ) 0.4, the clusters larger
than H+(TBA)3 were hardly formed. It is interesting that the
large clusters, H+(TBA)m with mg 4, are observed in the system
with higher water contents.

2. THF-Heavy Water Binary Mixtures. In THF-heavy
water mixtures, the observed cluster structures are in good
contrast to those in the TBA-water mixtures. We used heavy
water instead of normal water for the measurement of the THF-
water binary mixtures, because the mass number of a THF
molecule equals that of H2O tetramer. We were able to
distinguish hydrated THF from heavy water clusters clearly.

The mass spectrum of clusters generated from heavy water
(XTHF ) 0) is shown in Figure 3, and it is quite similar to that
for normal water (Figure 1), except the difference in mass
number between H2O and D2O.

When THF is added to heavy water up to the THF mole
fraction,XTHF ) 0.3, the water cluster structure is maintained
with almost the same mass distribution as observed in pure
heavy water. It is claimed that this may be related to the
hydrogen bonding interaction among D2O molecules being
stronger than that among H2O molecules. We have also
confirmed that the water cluster structure is maintained in THF-
H2O (XTHF ) 0.3), as observed in the pure water, even though
the several peaks are overlapped. This indicates that the
difference between D2O and H2O does not influence the
observed cluster structures. The mass spectra representative of
the THF-D2O mixtures are shown in Figure 4. The blue, red,
and yellow lines in Figure 4 correspond to the cluster series of
D+(D2O)n, D+(THF)1(D2O)n, and D+(THF)2(D2O)n, respec-
tively. At XTHF ) 0.05 (Figure 4a), water clusters, D+(D2O)n,
are observed dominantly, and THF monomer and its hydrate
clusters, D+(THF)1(D2O)n, are also observed. The peak intensi-
ties of D+(THF)1(D2O)n are quite weak compared with those
of the water clusters and the THF monomer. With an increase
of the THF concentration toXTHF ) 0.2 and 0.3, the intensity
of D+(THF)1(D2O)n increases gradually, as observed in Figure

4b and c, respectively. The D+(THF)2(D2O)n are also observed
in Figure 4b and c. THF dimer without D2O molecules cannot
be observed, and the peak intensity of THF dimer hydrate
clusters with a few water molecules are extremely weak. For
the THF hydrate cluster series, D+(THF)m(D2O)n, m ) 1 and
2, especially form) 2, the intensities of relatively large clusters
increase with increasing THF concentration. This suggests that
THF molecules might exist in the space among the water
clusters.

Furthermore, we have confirmed that the clusters, D+(THF)m-
(D2O)n: m-n ) 1-21 and 2-21, are observed as magic-
number species in Figure 4b and c. The D+(THF)m(D2O)n
clusters with n ) 21 show the magic number property,
irrespective of the number of THF molecules in the cluster. This
indicates that THF molecules have additional interaction with
D2O clusters. This is obviously different from the TBA-water
substitutional interaction. Such an additional interaction between
THF and water clusters will make the hydrogen-bonded D2O
clusters maintained even atXTHF ) 0.3, as shown in Figure 4c.
The self-aggregation of THF, as observed in the TBA-H2O
mixtures, is hardly promoted in the THF-D2O binary mixtures.

At XTHF g 0.6, the peak intensities of D2O clusters decreased
and the size of D2O clusters became small. Their mass
distributions are different from that in pure D2O. The hydrogen-
bonding network of D2O is disintegrated in this higherXTHF.
The D+(THF)m(D2O)n also decreases with increasingXTHF and
was hardly observed atXTHF ) 0.8.

Figure 3. Mass spectrum for clusters generated from pure heavy water
(D2O). The numbers written on the peaks representn for D+(D2O)n.

Figure 4. Mass spectra for clusters generated from tetrahydrofuran
(THF)-D2O mixtures. The paired numbers representm-n for D+-
(THF)m(D2O)n. The peaks with the same number of THF (m) are
connected by the colored lines. The blue, red, and yellow lines
correspond to the cluster series of D+(D2O)n, D+(THF)1(D2O)n, and
D+(THF)2(D2O)n, respectively. (a)XTHF ) 0.05, (b)XTHF ) 0.2, (c)
XTHF ) 0.3.
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Discussion

1. Difference in the Molecular Association.Both TBA and
THF are miscible with water at any mixing ratio. However, the
mass spectrometric analysis of clusters in these mixtures
demonstrated that the molecular association found in the THF-
D2O system is very much different from the case in the TBA-
H2O system.

In TBA-H2O mixtures (Figure 2), the water cluster structures
are easily disintegrated by the addition of TBA, and the TBA
self-aggregation clusters are formed instead of the water clusters.
Such kind of microscopic change takes place even at the low
TBA mole fraction (XTBA ) 0.01∼ 0.025). On the other hand,
in THF-D2O mixtures (Figure 4), the water cluster structures
are maintained even atXTHF ) 0.3, as observed for D+(D2O)n
and D+(THF)1, 2(D2O)n, and the THF self-aggregation is not
promoted by the addition of D2O. In both mixtures, when one
component forms self-aggregation clusters, the other component
is broken up to the monomeric molecules to maintain single
phase as stably as possible. The same kind of difference in the
cluster structure has been also observed between methanol-
water and acetonitrile-water binary mixtures.11 Accordingly,
it should be noted that the cluster structures observed herein
TBA-water and THF-water show representative two types of
mixing mechanism between water and organic solvents.

2. Controlling Factors in Cluster Formation. In TBA-
H2O mixtures, the stabilization for the hydrogen-bonding
interactions H2O-H2O, H2O-TBA, and TBA-TBA will be
comparable, but the interaction of the large alkyl group of TBA
with H2O cannot provide stabilization. Therefore, the TBA self-
aggregation is promoted by the increase ofXTBA, to complement
the loss of stabilization caused by the contact of TBA with H2O.
In region B (0.01∼0.025 e XTBA e 0.2∼0.3), each TBA
molecule will have contact with the water molecules; therefore,
the TBA-TBA interaction becomes relatively more stable than
the TBA-H2O interaction working at the same time. This will
induce the TBA self-aggregation. However, in region C, since
the TBA molecules that do not contact water molecules increase
with increasingXTBA, the relative stability for the TBA-TBA
interaction against the TBA-H2O interaction disappears with
increasingXTBA. It should be noted that the clustering of TBA
is promoted in the presence of water, because it is controlled
by the relative stability in the solution. In pure TBA, all TBA-
TBA interaction is comparable, which cannot promote self-
aggregation.

On the other hand, in THF-D2O mixtures, the D2O-D2O
interaction energy is much larger than the THF-THF interaction
energy. Accordingly, D2O clusters are maintained, and THF
molecules should be surrounding the D2O clusters.

Since there are several intermolecular interactions working
at the same time in the binary mixtures, the difference in the
clustering between TBA-water and THF-water mixture will
be explained by the balance of interactions rather than the
absolute interaction energy.

3. Correlation with Other Experimental and Theoretical
Approaches. The resulting concentration effect on the TBA
self-aggregation is in good correlation with the reported IR,
X-ray scattering, computer simulation, and thermodynamic
studies.

(i) IR. Infrared studies for TBA-water mixtures revealed the
changes of the TBA C-H stretching band in the 3200-2800
cm-1 frequency region as depending on the mixing ratio.13 It
was observed that when the TBA concentration exceeds a critical
concentration aroundXTBA ∼ 0.025, the C-H stretching band
shifts to lower frequency with increase ofXTBA, while the C-H

stretching band keeps constant inXTBA e 0.025. From this it
was concluded that the shift of the C-H stretching band to the
lower frequency region was due to the depletion of the aqueous
environment around the TBA methyl group. This IR result can
be connected to self-aggregation of TBA molecules observed
through the mass spectrometry here. The mass spectra for the
mixtures in the present study vary with increasing TBA
concentration, but the changes are not linearly dependent on
the TBA concentration. AtXTBA ) 0.01, the peaks of the TBA
self-aggregation clusters become obvious, but the TBA hydrated
clusters and water clusters coexist. AtXTBA ) 0.025, however,
TBA self-aggregation clusters form prominently instead of the
water clusters. The critical concentration between the region A
and B, atXTBA ) 0.01∼0.025, obtained through present mass
spectrometric analysis for the cluster structures, is in good
correlation with the critical concentration suggested by the IR
studies.

(ii) X-ray Scattering.Small-angle X-ray scattering study
showed that a large concentration fluctuation for TBA-water
mixtures is enhanced strongly atXTBA ) 0.14∼0.17.2 It is
suggested that heterogeneous mixing is most enhanced at this
mixing ratio. ThisXTBA value is in region B, proposed here by
mass spectrometry. We have also observed that the self-
aggregation of TBA is enhanced most markedly atXTBA from
0.1 to 0.2. From this correlation, the concentration fluctuation
is attributed to the self-aggregation of TBA molecules in the
mixtures.

(iii) Computer Simulation.Computer simulation for TBA-
water mixtures has been carried out on the site-site radial
distribution function over the whole concentration range of TBA
mole fraction.3 It was concluded that, in concentrated TBA, TBA
molecules were associated into the zigzag-like hydrogen-
bonding chains of TBA and that the hydrophobic attraction of
the bulkytert-butyl groups in aqueous solutions was performed
for approximately 3 to 6 TBA molecules. These findings agree
well with the present result shown in Figure 2b, where the TBA
self-aggregation clusters larger than H+(TBA)7 incorporated with
H2O. Also, self-aggregation clusters of TBA can be formed up
to H+(TBA)6 without water molecules.

(iV) Thermodynamic Properties.Although the thermodynamic
properties for TBA-H2O and THF-H2O binary mixtures look
similar, the microscopic structures of TBA-H2O mixtures are
in good contrast with those of THF-D2O mixtures. The excess
molar enthalpies (HE) of TBA-H2O and THF-H2O solutions
are both negative inXTBA e 0.5 andXTHF e 0.6, and they are
both positive inXTBA g 0.5 andXTHF g 0.6.4,6 In the region of
negativeHE, the self-aggregation of one component molecules
is promoted. TBA and D2O formed self-aggregation clusters in
TBA-H2O and THF-D2O mixtures, respectively. This was
controlled by the relatively large interaction energy. On the other
hand, in the regions of positiveHE, the self-aggregation clusters
disintegrated to afford more random mixing with the other
component.
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