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We have applied x-ray emission spectroscopy and density functional theorysDFTd to study the chemical and
electronic structures of liquid methanol. The x-ray emission spectra at carbon and oxygenK edges of methanol
in different hydrogen-bonded clusters are simulated. It is shown that hydrogen bonding strongly influences the
spectral profile of OK emission, but not the CK emission. The methanol chain and ring conformations show
a distinct difference in their electronic structures. The molecular orbitals of chains are strongly localized,
whereas for the ring structures they show strong delocalization characteristics and behaviorlike covalentp

orbitals in a conjugated system. A comparison of experimental spectra and DFT calculations suggests that
liquid methanol comprises combinations of rings and chains of methanol molecules linked with hydrogen
bonds and is dominated by structures with the size of six and eight molecules.
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I. INTRODUCTION

Liquid methanol has been widely studied due to its im-
portance for technological and industrial applications. It is
used in many waysse.g., in direct fuel cellsd, providing a
very promising and simple electrochemical converter.1 It is
also used as an organic solvent for investigation of protein-
solvent reactions.2 Methanol has unusual physical properties;
it is stable over a wide range of temperatures, has a small
viscosity coefficientseven smaller than liquid waterd, and an
anomalous heat of vaporization.3 It is also one of the sim-
plest organic species for which hydrogen bonding is impor-
tant in both its liquid and solid forms. Much experimental
and theoretical work has therefore been devoted to under-
standing the electronic structure and the physical and chemi-
cal properties of liquid methanol.4 A recent review can be
found in Ref. 5.

The molecular geometry of liquid methanol has been the
subject of much debate during the last 40 years. The com-
plexity of its conformation in the liquid phase is a result of
the peculiar dynamic behavior due to hydrogen bonding. In
the crystal phase the methanol molecules are connected by
hydrogen bonds to form one-dimensional chain structures.6,7

Pauling argued from an energetic point of view that the mol-
ecules in liquid methanol form cyclic hexamer structures.8

This hypothesis has both been supported and contested by
various experimental and theoretical studies. It seems as
though all simulations, ranging from classical molecular dy-
namics sMDd,9 Monte Carlo,10 and ab initio molecular
dynamics,5,11–13 favor the existence of chain structures, al-
though no consensus has been reached with respect to the
average chain length. Neutron-diffraction results have led to
different conclusions. A detailed analysis14 based on earlier
neutron diffraction15,16 and x-ray scattering17,18 indicated the
presence of cyclic hexamers, thus confirming the early sug-
gestion of Pauling. Simulations based on other neutron dif-

fraction results,19 however, point toward chains with up to
ten molecules with an average of six. The latest Car-
Parrinelloab initio molecular dynamics13 simulations, on the
other hand, indicate that the average chain length should be
around ten methanol units.

The chain and ring structures of methanol molecules have
a distinguishable electronic structure. The difference can be
monitored by resonant soft x-ray emissionsSXEd spectros-
copy, which is sensitive to the local electronic structure of
molecules. We have shown in our recent studies on liquid
water that this technique can provide details about the
changes in the electronic structure of water upon condensa-
tion, and thereby about the local hydrogen-bonding network
of liquid water.20,21 A double peak structure revealed in the
SXE spectra of liquid methanol is found to be associated
with the coexistence of chain and ring structures of methanol
molecules with dominant sizes of six and eight.22 Further-
more, the interaction between methanol and water in a
methanol-water mixture has also been studied, and we have
shown that the water molecules interact with methanol
chains to form a ringlike structure. This finding sheds light
on the microscopic origin of the anomalous entropy increase
upon solution.22 In the present work, we will provide the
computational details and a comprehensive analysis of the
electronic structures of methanol clusters in chain and ring
forms. In addition, experimental spectra at the carbonK edge
are presented and analyzed.

II. COMPUTATIONAL DETAILS

We combineab initio Hartree-Fock and hybrid density-
functional theory to study the geometrical and electronic
structure, as well as the SXE spectra, of different methanol
clusters ssee Fig. 1d. Geometry optimization and orbital
analysis for rings and chains up to ten methanol units have
been performed using Becke’s three parameters hybrid23 and
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Lee, Yang, and Par correlation24 hybrid functionalsB3LYPd
with a 6-31G basis set inGAUSSIAN98package.25 The B3LYP
functional has shown to be quite reliable for both structures
and energies of different hydrogen-bonded clusters.26–30Cal-
culations of the x-ray emission spectra were carried out at the
Hartree-Fock level with the Sadlej basis set31 using theDAL-

TON program.32 The use of Hartree-Fock allows us to include
the long-range solvent effects by embedding the clusters in a
dielectric medium, for which a spherical cavity with radii
determined by the van der Waals radius of the outermost
atoms is adopted. We have also found that the performance
of Hartree-Fock for the spectral distribution is in good agree-
ment with the B3LYP results. Both methods fall short in
predicting the absolute transition energies at a sub-electron-
volt range. For comparison with experimental results the cal-
culated spectra are shifted uniformly. It should be stressed
that the relative orbital energies are not affected by this shift-
ing. The calculated spectra are convoluted with a Gaussian
profile of linewidth 0.5 eVfthe half-width at half maximum
sHWHMdg.

III. EXPERIMENT

The experiments were performed at beamline 7.0.1 at the
Advanced Light Source, Lawrence Berkeley National Labo-
ratory. The beamline comprises a 99-pole, 5 cm period un-
dulator, and a spherical-grating monochromator covering the
photon energy range between 80 and 1300 eV.33

The liquid samples were sealed in a cell and loaded into
the experimental vacuum chamber for the liquid phase x-ray
absorption spectroscopysXASd and x-ray emission spectros-
copy sXESd measurements. The incident photon beam en-
tered and exited from the same silicon nitride window of
1000 Å thickness. The base pressure of the experiment was
10310−9 torr.

XAS spectra of liquid methanol were measured by using
the x-ray-fluorescence-yieldsFYd mode. The resolution of
the monochromator was set to 0.2 eV for both the O 1s and
C 1s absorption measurements. The XAS spectra were nor-
malized by the photocurrent from a clean gold mesh in the
photon beam to correct for intensity fluctuations of the pho-
ton beam. XES spectra were recorded using a high-resolution
grating spectrometer.34 The spectrometer was mounted par-
allel to the polarization vector of the incident photon beam.

The resolution of spectrometer was set to 0.3 and 0.5 eV for
C K and OK emission, respectively, and the excitation reso-
lution from the monochromator was 0.3 and 0.5 eV for CK
and OK edges, respectively.

Figure 2 shows the OK and CK x-ray emission spectra of
pure liquid methanol recorded at selected excitation energies.
The O 1s and C 1s x-ray absorption spectra are displayed as
the corresponding insets in Figs. 2sad and 2sbd. O 1s absorp-
tion of liquid methanol starts onset from 533 eV and shows a
prepeak at 534.5 eV similar to that of liquid water.20 The
oxygen normalK-emission spectrum excited at 560 eV
shows three emission bands:E1 sE18d, E2, and E3. The
double- structure bandE1 sE18d exhibits dominant intensity
and a strong dependence on the excitation energies.E18 en-
hances at the excitation of 537 eV, while it nearly disappears
at excitation below 534.5 eV. It indicates that the selective
excitations enhance the contribution from one or another
chemical specie. The carbon normalK emission excited 320
eV shows a broad emission band center at 276.5 eV with a
shoulder at 280 eV. For the excitations near pre-edge, the
shoulder is depressed and central emission band shifts in the
line with the elastic peak due to the energy conservation in
the resonant x-ray emission process.

IV. RESULTS

A. Methanol molecule

The methanol molecule belongs to the class of monatomic
saturated alcohols with the common formula CnH2n+1OH or
usually written asR-OH, whereR is a CnH2n+1 alkyl radical.
The oxygen atom in the hydroxyl group pulls the electron
density over the OH bond, which makes this bond highly
polarized with the negative charge localized on the oxygen
atom and positive charge on the hydrogen atom, i.e.,
Od−-Hd+. The polarization effect is reduced by the presence
of alkyl radicals exhibiting a donor behavior. The flexibility
of the hydrogen atom in structures, such asR-Od−-Hd+, is
less than that in water. The electronic structure of the metha-

FIG. 1. sColor onlined Optimized geometries of methanol ring
and chain structures up to ten units.

FIG. 2. Experimental resonant O 1s and C 1s x-ray emission
spectra of pure methanol liquid. The insets in the figures show
corresponding absorption spectra.
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nol molecule in Cs symmetry can be expressed as
1a822a823a824a825a821a926a827a822a92.

The calculated O 1s and C 1s x-ray emission spectra of
the methanol molecule, presented in Fig. 3, are in good
agreement with previous experimental35 and theoretical36 re-
sults. Both show five valence orbitals with intensive elec-
tronic transition, including threea8 s5–7a8d and two
a9 s1–2 a9d orbitals. It tells that the thep orbitals of the
carbon and oxygen atoms are highly hybridized. The com-
parison between oxygen and carbon spectra provides infor-
mation about the character of the orbitals. For instance, the
highest occupied molecule orbitalsHOMOd 2a9 has the larg-
est intensity in the oxygen spectrum, indicating that this or-
bital is mainly of oxygenp character. One can conclude that
the 5a8, 7a8 ,and 2a9 orbitals are more oxygenlike, whereas
the 1a9 and 6a8 orbitals are more carbonlike.

Based on the orbital analysis, one can obtain quite de-
tailed information about each orbital. One finds that the elec-
tron density of the 5a8 orbital is oriented in the molecular
plane defined by carbon, oxygen, and hydrogen of the H-C-
O-H group. This orbital is extended over these atoms. The
1a9 orbital has its electron density oriented perpendicularly
to the H-C-O-H plane. It is a result of the interaction between
the out of H-C-O-H planep orbital of oxygen and the two
out of the planesp3-hybridized C-H orbitals. The 6a8 orbital
is a mixture of twop orbitals from carbon and oxygen, and
of the 1s orbital of the three hydrogen atoms in the –CH3
group. Anotherp orbital of the oxygen atom and thep char-
acter of the in plane –CH3 alkyl radical group give rise to the

7a8 orbital. The HOMO, 2a9, of the methanol molecule is
constructed mainly by the out-of-the-planep orbital of car-
bon and oxygen atoms. The electron density of this orbital
has a tendency to be localized on the oxygen atom.

B. Methanol dimer

Before calculating the more complex molecular clusters
corresponding to liquid methanol, we investigate the metha-
nol dimer to learn how hydrogen bonding affects the elec-
tronic structure. The result of geometry optimization using
B3LYP is shown in Fig. 4. Our calculated bond lengths are in
good agreement with results obtained from other methods,
see Table I for a comparison. The oxygen-oxygen bond
lengthrO-O and hydrogen-oxygen bond lengthrH-O are found
to be 2.87 Å and 1.91 Å, respectively, from our calculations,
which are in reasonable agreement with the experimental
values ofrO-O=2.98 Å andrH-O=1.96 Å.38,39 The hydrogen
bond length of the methanol dimer is slightly longer than that
for the water dimersrH-O=1.95 Åd,21 suggesting that the hy-
drogen bonding effect on the methanol dimer is smaller than
that of the water dimer.

The SXE spectra in Fig. 5 show the local molecular or-
bitals of the individual oxygen atomsshydrogen-donor and
hydrogen-acceptord and the total contribution of the metha-
nol dimer. The oxygenK-emission spectra from the indi-
vidual methanol molecule show a similar spectral profile as
the monomer apart from two additional weak features, which
are markedd1 andd2 for the donor anda1 anda2 for the
acceptor. The orbital character of the major spectral peaks of
the dimer are, in general, the same for the monomer. The
observation of these extra spectral features is a strong indi-
cation of orbital mixture, since x-ray emission is an element-
specific technique and the spectrum of each oxygen atom
should provide the information about the localp population

TABLE I. Optimized bond lengths and angles for the methanol dimer from different methods.

Method C-O O-H O-O /sC-O-Hd /sO¯H-Od

B3LYPa 1.43s1.42d 0.95s0.96d 2.87 114.2°s113.6°d 177.9°

BLYPb 1.46s1.45d 0.98s0.99d 2.94 173.4°

BLYPc 1.45s1.43d 0.97s0.98d 2.92 171.5°

MP2d 1.43s1.42d 0.96s0.97d 2.88 109.6°s108.8d° 177.4°

aThis work.
bCPMD Ref. 11.
cADF Ref. 11.
dReference 37.

FIG. 3. Calculated oxygen and carbon x-rayK-emission spectra
of methanol molecule in gas phase.

FIG. 4. sColor onlined Optimized geometries of the single
methanol molecule and its dimer.
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of the oxygen that is measured. The electron sharing takes
place at the orbitals involving the O-H bond. Like the gas
phase water dimer, the electron sharing between two mol-
ecules is quite weak. We have shown in our previous study
on liquid water21 that the covalent feature of the hydrogen
bonding can hardly be observed in the gas phase but should
be detectable in the liquid phase. This is because the mutual
orientation of water molecules in the liquid phase is very
different from that in the gas phase. Depending on the mu-
tual positioning of water molecules, orbital mixing can in-
volve different orbitals and be very strong. The reliability of
using interaction potentials generated from the gas-phase
dimer in the molecular dynamics simulation was questioned
in Ref. 21.

The interaction between methanol molecules in the dimer
is dominated by the pure electrostatic interaction. This is best
illustrated by the typical push-pull behavior that results in the
relative shift of the spectras,1 eVd from the donor and the
acceptor. The total contribution from both oxygen atoms ap-
pears to give a very broad spectral profile.

C. Methanol chains

It seems that almost all dynamics studies find that liquid
methanol consists of chain structures,5,9–13 although there is
no consensus about the average size of the chain. This is
probably because that most interaction potentials are based
on the methanol dimer model. As we have shown in the
previous section, the methanol dimer is strongly polarized.

We have chosen a chain with six methanol unitsschain6d
as a model to analyze the hydrogen bonding effects on the
electronic structures of methanol in chain structures. In gen-
eral the methanol long chain can be represented as an ex-
tended dimer model. The optimized structure of chain6 and
its emission spectra are given in Fig. 6.

The chain of methanol molecules does not form a straight
line because of the steric effect. The emission spectra of
individual oxygen atoms and their summation are shown in

Fig. 6. In this system, the two end oxygen atoms, O1 and O6,
act only as hydrogen acceptor and hydrogen donor, respec-
tively, whereas other oxygen atoms in the middle are capable
of giving sdonord and receivingsacceptord hydrogen. With
the help of the dimer spectra, it is easy to understand the
energy shifting among spectra of the individual oxygen at-

FIG. 5. Calculated oxygenK-emission spectra of the methanol
dimer. LettersD and A indicate donor and acceptor oxygen sides,
respectively. The features resulting from orbital mixing are labeled
asd1, d2 anda1, a2.

FIG. 6. sColor onlined Optimized structure and calculated OK
emission of chain with six methanol units. The labels of oxygen
atoms correspond to the labels on emission spectra.

FIG. 7. sColor onlined Highest occupied molecular orbitals of
chain with six methanol units.
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oms. It is noted that the energy shift between spectra of O6
and O1 is close to 1.5 eV, larger than that for the dimer. This
is a result of the cooperative effect of the hydrogen bonding,
i.e., the interaction gets stronger with more hydrogen bonds
involved. With respect to the spectrum of O6sthe donor
cased, all other spectra shift down in energy, i.e., showing a
net pushing effect. It thus implies that there is an imbalance
between the push and pull forces acting on the oxygen atoms
in the middle. The whole system is strongly polarized.

The emission spectra show basically three strong spectral
features, which are labeledA, B, and C. The O6 spectrum
resembles the spectrum of the monomer quite well. Strong
orbital mixing is observed in the spectra of the middle mol-
ecules. The most noticeable sign of the orbital mixture is the
change of the spectral profileA8 and the broadening of the
spectral featureC. It is important to know that the orbital
mixture among different methanol molecules is introduced
by the hydrogen donor.

The eight highest occupied molecular orbitals, HOMO,
HOMO-1,…, HOMO-7, of the chain6 cluster is presented in
Fig. 7. All orbitals, except HOMO-6, show strong localiza-
tion character, which is moving toward the acceptor side of
the chain structure with decreasing orbital energy. Orbital
mixing can be found in HOMO-6 between two neighboring
methanol molecules.

D. Methanol rings

In methanol ring structures, each oxygen atom possesses
two hydrogen bonds, one acceptor and one donor. The com-
petition between the push and pull forces should result in an

electronic structure that is largely different from that of the
chain structures. Indeed, a distinct difference between ring of
six methanol unitssring6d and chain6 in molecular orbitals
has been found. The eight highest occupied molecular orbit-
als of ring6 are shown in Fig. 8. In contrast to the case of the
chain, all orbitals in ring6 are fully delocalized. The electron
distribution in the ring structure seems to resemble the ben-
zene ring very well. We recall that the electron delocalization
in a benzene ring, or conjugated systems in general, is a
result of strong covalent bonds, whereas in the case of
methanol rings the driving force is a hydrogen bond, which
is normally considered to be weak with electrostatic nature.
Probably the methanol rings are the best examples to illus-
trate the covalent contribution to the hydrogen bond. Such a
close high-symmetry species often has lower energy than
isomers of lower symmetry. The total energy calculation
clearly shows that the six-ring is lower in energy than the
six-chain. Although the gas-phase energy value is not di-

FIG. 8. sColor onlined The eight highest occupied molecular
orbitals of ring with six methanol units.

FIG. 9. sColor onlined Optimized structure and calculated OK
emission of ring with six methanol units. The labels of oxygen
atoms correspond to the labels on the emission spectra.
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rectly relevant to that of the liquid phase, one still should
expect predictions of ring structures in dynamics simula-
tions. The absence of such predictions suggests that the ex-
isting dynamics simulation models are not capable of de-
scribing the strong covalent character of the rings.

Optimized structure and OK emission spectra of the six-
ring are presented in Fig. 9. As expected from the orbital
picture, spectra from individual oxygen atoms are almost
identical. A very small difference among spectra can be
found, which is because the 6-ring does not have a perfect
symmetry and the hydrogen bond length is slightly different
for different pairs of methanol molecules. It is noted that
the distance between neighboring oxygen atoms is
,2.80–2.88 Å in the six-ring, and 2.88–3.01 Å in the six-
chain. The slightly shorter O-O bond distance in the six-ring
results in a stronger intermolecular interaction and is associ-
ated with stronger orbital mixing. In comparison to the spec-
trum of the monomer, one finds that the spectra of the six-
ring are much broader because of the strong delocalization
and orbital mixing. It is noted that the unoccupied molecular
orbitals of six-chains and six-rings have the same feature as
the corresponding occupied orbitals, localized for chains and
delocalized for rings.

E. Liquid methanol

One finds that the total spectra of chain6 and ring6 have a
relative energy shift of,1 eV, which should be well re-

solved with the current experimental resolution. We have cal-
culated the emission spectra of several ring and chain struc-
tures, ranging from three to ten units. The results together
with the experimental emission spectrum are shown in Fig.
10. The most striking observation is the double peak struc-
ture of the outermost experimental spectral band, which can
be assigned to contributions from chains and rings. It leads
directly to the conclusion that the liquid methanol consists of
a mixture of ring and chain structures. The results obtained
from early studies are thus partially correct.

The emission peak at 526.2 eV in the experimental spec-
trum corresponds to the ring structures, and the peak at 527.2
eV is due to emission from the chain structures. It is noted
that the 1 eV separation between the double peaks is well
reproduced by the calculations. The spectra of ring structures
seem to be insensitive to the size of the system. A peculiar
behavior can be found for the case of rings. For the short
chains, such as chain3 to chain5, the spectral bands are very
broad. This can be understood because in these cases, each
oxygen atom has its unique surrounding and, therefore, well-
separated spectrum. When the chain gets longer, the middle
oxygen atoms become more identical and the total spectrum
becomes sharper. The long chain structures can be further
discriminated by a small shoulder above the maximum of the
outermost band. This shoulder has contribution from the hy-
drogen donor methanol at the end of the chain, like O6 in the
six-ring structure. The energy separation between this shoul-
der and the maximum of the band strongly depends on the

FIG. 10. sColor onlined Calculated oxygenK-emission spectra
of ring and chain structures of methanol and comparison with ex-
periment. ExperimentalK-emission spectrum measured at 320 eV
excitation energy. Amount of methanol molecules in ring and chain
structures used for theoretical simulations is shown by numbers at
corresponding spectral curve.

FIG. 11. sColor onlined Calculated carbonK-emission spectra of
ring and chain structures, and comparison to experiment. Experi-
mentalK-emission spectrum measured at 320 eV excitation energy.
Amount of methanol molecules in ring and chain structures used for
theoretical simulations is shown by numbers at corresponding spec-
tral curve.
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size of the clusters. It is interesting to see that due to small
separation, such a shoulder does not appear in the spectra of
the six-rings and eight-rings. By inspecting the experimental
spectrum, there is no clear shoulder structure at the high-
energy side of the outermost spectral band. It, thus, suggests
that the most possible chain structures in liquid methanol
should consist of six and eight units. The fact that the double
peaks have almost the same intensity allows one to deter-
mine the size of the ring structures in liquid methanol, which
should be same as the chains, i.e. methanol rings with six
and eight units.

We have also computed the CK emission of all ring and
chain structures. As one can see from Fig. 11, it is difficult to
select out any particular structures by comparing the calcu-
lations and experiment. Nevertheless, two spectral structures
located at 274 eV and 280 eV are well reproduced by the
calculations. It is noted that the summation of CK emission
spectra of rings and chains with six and eight units compare
well with the experiment.

V. SUMMARY

We have demonstrated the power of x-ray emission spec-
troscopy for determining electronic and geometrical struc-
tures of liquids. With the help of theoretical analysis, infor-
mation on the structure of liquid methanol has been revealed

in this study. It is unambiguously shown that liquid methanol
is a mixture of ring and chain structures, dominated by six
and eight methanol units. The molecular orbitals of the ring
structure with six methanol units show striking similarity to
those of the benzene ring, which indicates that the hydrogen
bonding in the ring structures have significant covalent con-
tributions. It is noted that the electronic structure of the
methanol dimer is as polarized as the other chain structures,
but that it is completely different from the rings. This is
probably the reason that molecular dynamics based on the
potentials derived from the methanol dimer does not predict
ring structures. Potentials that take into account the unique
covalent contribution to hydrogen bonding in ring structures
need to be constructed for future molecular dynamics simu-
lations.
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