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We have measured the X-ray absorption (XA) spectrum of liquid (298 K) methanol at the oxygen and carbon
K edges. The 4eorbital at the O K edge exhibits a pronounced sensitivity to the formation of intermolecular
hydrogen bonds, with significant differences observed between the vapor and bulk spectra, whereas the C K
edge reveals only subtle corresponding spectral changes. Comparison with DFT computed spectra of model
methanol clusters indicates that the bulk liquid comprises long chairsg) and rings of hydrogen-bonded
monomers.

I. Introduction ability to selectively excite individual atoms within a molecule

) ) and thereby examine specific chemical bonds (e.gs0C
Our knowledge of the electronic and geometrical structure c—c o—H; etc.). Traditionally, near-edge X-ray absorption

of liquids has advanced dramatically over the past decade duesine structure (NEXAFS) experiments have characterized the
to rapid progress in both theory and experiment. However, the yepypridization of covalent bonds, which can yield information
microscopic structure of hydrogen-bonded liquids remains a apout which orbitals are involved in the formation of a surface
vigorously debated subject. Classical molecular dynamics chemical bond.Although NEXAFS is most sensitive to changes
simulations have offered some new microscopic insights, but i intramolecular bond lengths and angles, there are a number
developing realistic force fields that properly account for many- ¢ recent studics8-15 examining the changes in electronic
body effects in the bulk liquid continues to be a challehgd. structure of liquid water, ice and # clusters upon the
initio molecular dynamics simulations eliminate the need for rearrangement of intermolecular hydrogen bonding (HB).
predetermined force-fields and the method has become We”'Together these studies indicate thae B K edge XAS is
established as a simulation tool. Wilson et al., have recently particularly sensitive to broken donor hydrogen bonds located,
reportgd a new X-ray spectroscopy technique for thg §tudy of e.g., within liquid wate®+150n the surface of ic&16or at the
bulk liquids and liquid-vapor interface$.* In the initial liquid—gas interfacé.As expected, water in its various phases
applications, we described the first measurement of intermo- js 5 natural starting point to investigate the local changes in
lecular surface relaxation in liquids (water and methaha,  gjectronic structure induced by HB. In this paper, we extend
well as the presence of a previously unrecognized type of these studies of intermolecular hydrogen bonds to methanol,
*acceptor only” species at the liquid water surfdd@ecently,  \hich might be considered the next logical step in a detailed
these experimental findings have been corroborated by new abeyamination of the changes in electronic structure that occur
initio molecular dynamics (CPMD) simulations reported by Kuo 50 condensation within the bulk hydrogen-bonded liquid. The
and Mundy? who find that 19% of surface molecules of 298 K general strategy outlined here is to first obtain high-resolution
water are “acceptor only”. Here we study the bulk properties xa spectra of molecular (gas phase) methanol whereupon
of liquid methanol by X-ray absorption spectroscopy, Using gpectral changes induced by condensation can be evaluated.
liquid microjets to introduce the volatile samples into the high gypsequently, density functional theory calculations, utilizing
vacuum environment of a synchrotron endstation and as angma|| methanol clusters, are used to further interpret the
effective means of avoiding sample photodamage. experimental XA spectra, yielding new insights into the HB
Soft X-ray absorption spectroscopy (XAS) is a powerful network of the bulk liquid.
structural tool commonly used to study the bonding of adsor-
bates to metal surfaces through the ability to determine local |I. X-ray Absorption of Liquids

eometry and bond lengtfisA main advantage of XAS is the . . .
9 y g g XAS entails the removal of a core electron and its promotion

into an unoccupied molecular orbital or continuum state. The
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Figure 1. Schematic of the liquid microjet endstation. Section A consists of three differentially pumped stages. The pressure in Al is near the
beamline base pressure ofx1107° Torr. Section B (8x 1075 Torr) houses the liquid jet that intersects the focused X-ray beam°aiSe@tion

C (1 x 108 Torr) is~1 m in length and houses a liquid nitrogen trap upon which the liquid microjet is frozen. A more detailed description of the
experiment can be found in ref 19.

to either C or O local p contributions in the excited orbitals, tory. The small spot size and high photon flux of this undulator
respectively. In this way, changes in the molecular electronic beamline are essential for obtaining a high quality spectrum of
structure (e.g., rehybridization) can be monitored upon conden-a 20um diameter liquid methanol jet. The endstation used for
sation. Furthermore, alcohols are unique molecules, allowing soft X-ray studies of volatile liquids has been described in detalil
one to investigate both the orbital changes occurring around elsewhere:19 Briefly, the endstation consists of three sections,
the oxygen atom due to formation of an intermolecular hydrogen labeled A, B and C in Figure 1. The first section houses three
bond as well as the electronic effects of weaker intermolecular stages of differential pumping with the last stage held near the
forces acting on the alkyl group. base pressure of the X-ray beamlinel(x 10~° Torr). Within

The X-ray absorption coefficient can be probed directly, as section B, a 20um diameter continuous stream of liquid
in traditional transmission experiments, or indirectly, by detect- methanol is injected into vacuum at a velocity-e20 m/s with
ing the emission of secondary electrons, ions, neutrals or @ mechanical backing pressure 80 atm generated by a
fluorescent photons emitted in the core-hole decay process. Focommercial HPLC pump. The microjet then travetsZLmm,
isolated molecules in the gas phase, spectra measured byvhere it is intersected at 9@y the photon beam (108 200
monitoring the total ion (TIY) or electron (TEY) yield give u«m), after which it is dumped through a 5@@n aperture into
similar results, when various ion fragmentation pathways are a liquid nitrogen trap locate1 m from the nozzle. The base
accounted for. However, in the condensed phase this is not thepressure during the normal operation of 20 diameter liquid
case due to the difference in escape depths of charged particlesnethanol jet, maintained by a 1000 L/s turbomolecular pump
photons and neutral§:1718For example, fluorescent photons located behind a liquid nitrogen baffle, is810~° Torr. Copper
have an escape depth of many microns, whereas secondaryvil’es appropriately biased served as total yield detectors. Gas
electrons, which dominate the TEY, are thought to be bulk phase measurements were conducted by simply translating the
sensitive determined by their average kinetic energy distribution liquid target 14 cm from the focused X-ray beam. Wilson et
(<20 eV) and various other material properﬁelg,ns, atoms al. have show#? that the liquid-vapor interface of water is
or molecules desorb directly from the interface making this generated under near thermal equilibrium conditions with this
detection mode sensitive to only the outermost surface layer 20 um jet arrangement (i.e., the liquid and vapor coexist at the
(1-5 A),17 By measuring the gas and liquid-phase TEY as a same temperature and pressure), and the same will hold for the
function of X-ray excitation energy, XA spectra of isolated Mmethanol study here. The temperature of the liquid methanol
molecules can be compared with those embedded in a hydrogerstream at the time it is probed with the X-ray beam-80 K,
bonding matrix. In this way we can isolate the effects of as determined via vibrational Raman thermométry.
intermolecular hydrogen bonds on the XA spectra. Furthermore,
microscopic insight into the electronic effects of hydrogen bond |v. O K Edge: Experiment

formation can be investigated using DFT calculations of the o ) ) )
electronic structure of small methanol clusters. Shown in Figure 2 is the high resolution (0.1 eV) TEY O K

edge spectrum of methanol vapor measured 2 cm from the liquid
microjet. Our spectra of molecular methanol agree favorably
with those measured by other groifg! The peak labeled 1
The experiments were conducted at beamline 8.0 of the is generally considered to originate from the 3s Rydberg state
Advanced Light Source, Lawrence Berkeley National Labora- with some G-H ¢* character. From the DFT calculations in

Ill. Experimental Design
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Figure 2. O K edge XA spectra of methanol: TEY (A) vapor and (B)

bulk liquid. The two spectra illustrate the spectral changes upon
condensation. The peak labeled 1 in the gas phase has been assigned
to the 4a O—H o¢* antibonding molecular orbital whereas peak 2 is
currently assigned to the-€0 ¢* state. The vertical line at 534 eV
illustrates the region most sensitive to intermolecular hydrogen bonds
formed upon condensation.

ref 8 and the present work, however, we assign peak 1 to an 530 535 540 545 550
orbital of o* character, localized along the internat-® bond. Photon Energy (eV)
Furthermore, evidence for the antibonding MO character of this
orbital arises primarily from studies of the corresponding 4a
state in water, which has been extensively characterized at the | ®
surface of ice by photoionphotoelectron coincidengetech-
nigues, with further support for this assignment provided by
the ultrafast bond dissociation phenomena observed by Menzel 0.8 1
and co-workerd823Nevertheless, as for4®, spectral intensity
arises primarily from O porbital contributions to this resonance.
The peak at 537 eV (peak 2) has been assigned to 3p Rydberg ' T K
states? although our DFT calculations, as described below, 400 405 410 415
show that it should rather be assigned to theQCo* state. Photon Energy (¢V)

Shown in Figure 2 is the TE O K edge spectra measured Figure 3. XA spectra of (top) methanol, (middle),B and (bottom)

P - - NHs. The methanol spectra (top) are taken from Figure 2 and correspond
when the photon beam and liquid target are spatially coincident. 0 (a) vapor and (b) bulk liquid. The J® spectra are arranged from

The most notable effect upon condensation is the significant d) vapof® (e) surface (f) and bulk amorphous ice measured by Coulman
reduction of the preedge or “threshold” feature (peak 1) at 534 et al23 The N K edge ammonia vapor spectrum (g) was measured by
eV in the gas-phase methanol spectrum. In the deconvolutedwight and Brioi? via electron energy loss whereas the amorphous
TEY spectrum peak 1 is shifted up in energy by eV and solid NHs surface (h) and bulk (i) spectra are reproduced from
broadened relative to the gas phase appearing merely as &Rosenberg et al. in ref 24. In each spectrum the dashed line highlights
shoulder on the broad band centered at 537 eV. The broadenin he 43 state that exhibits the largest difference from the bulk spectra.

. - he bulk spectra (C¥DH, HO, NH;) measured via electron yield show
upon condensation of the main spectral feature centered at 537similar spectral profiles, which are essentially broadened and blue-

eV implies greater orbital overlap with the neighboring mol-  shifted replicas of the corresponding vapor spectrum.
ecules within the liquid.

The changes in the intensity ofé¢hO K edge “threshold” spectrum exhibits a threshold feature, indicating a disruption
feature (peak 1) upon condensation can be understood byin this tetrahedral symmetry by a significant number of broken
comparison with the behavior of the correspondingtate in hydrogen bonds on the donor side of the molecule; termed
the K edge vapor spectra of isoelectronic C, N, and O hydfides. D-ASYM.81114¢r single-donor (SD}? This D-ASYM molec-
The 3a LUMO orbital in CH, contains only s character, ular configuration is likened to the isolated methanol molecule,
resulting from tetrahedral symmetry and therefore exhibits which is an extreme example of this kind of asymmetry.
negligible preedge spectral intensity. The small remaining The absence of intensity in the preedge region of the TEY
intensity arises from vibronic coupling to the asymmetric (bulk) spectrum of liquid methanol thus appears to indicate that
stretching vibration of the CHmolecule, which breaks this  the hydrogen bonds within the liquid are arranged in such a
symmetry. On the other hand, the p orbitals inldcated at way as to increase the overall symmetry around the oxygen
higher energy, form a degenerate state péjimmetry. As this atom, effectively removing much of¢hO p contribution to the
tetrahedral symmetry is broken around the central atom, as in4a resonance. Again, by analogy to water ice, these p
molecular NH 24 and HO?® shown in Figure 3, larger p  contributions appear in the bulk liquid spectiiithi®at higher
contributions appear in the atate, resulting in monotonically  energies{538 eV), contributing to the increased intensity just
increasing spectral intensity that culminates in a giant line below the IP of liquid methanol. As is also the case for water,
resonance for the linear HF molecule, containing almost entirely the intensity of the 4astate is found to decrease upon the
F p character. Cavalleri et @have used this analogy to describe formation of a hydrogen bond on the donor side of the molecule,
the changes in the XA spectrum of water upon condensation. as will be discussed below using methanol clusters computed
Specifically, the absence of significant intensity in the dgion via DFT.
of hexagonal ice has been correlated with the near-tetrahedral For further comparison, the bulk electron yield XA spectra
arrangement (similar to that of GHof hydrogens and hydrogen  of amorphous solid ammorftaand water ic&? are shown in
bonds to each oxygen atom. Conversely, the liquid water XA Figure 3. These spectra both exhibit the same overall changes
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in intensity as are observed for the liquid methanol (TEY) when 0.7 4
comparing the spectrum of the isolated molecule in the vapor
to one embedded in a hydrogen bonding matrix. Thestate 0.6 —
(shown in Figure 3 as a vertical line) is significantly perturbed
in each case, despite the differences in the number of hydrogen 0.5 -
bonding sites and strength (NMs H;O). All three bulk spectra
(CHsOH, NH; and HO) appear to be broadened and blue- - 04
shifted replicas of the corresponding resonances in the gas phase. =

In each of the spectra (GBH, HyO, NHs) the main 0.3 —
difference between the surface and bulk is the persistence of
some preedge intensity corresponding to the ¢tate in the 02 -
vapor. From the above considerations of symmetry, it can be
inferred that molecules at the surface of these disordered 01 -
materials occupy less symmetric hydrogen bonding configura- ' (B)
tions relative to those molecules residing within the bulk 0.0
material. Menzel and co-workéf325> have conducted an ’ [ RRREL RN AR AL L
exhaustive study of condensed ammonia, water and methane. 288 290 292 294 296
They selected these isoelectronic hydrides to isolate the influence Photon Energy (eV)
of intermolecular hydrogen bonding on electronic structug®©H  Figure 4. C K edge XA spectra of methanol: TEY (A) vapor, and
possesses stronger hydrogen bonds thag Whereas dispersion (B) bulk liquid. Inset: Expanded energy scale showing _the fine structure
forces dominate intermolecular attraction in solid CHor changes at the near edge apparent in the vapor (solid) and bulk (dot)
amorphous ice and solid ammonia, tHe4#25concluded that spectra.
the asymmetry in hydrogen bonding inherent at these amorphous .
solid ir)llterfacgs is d)l/,le tgone fre&ﬁg or O—H bond extending thosg reported by Hempelmann et*tland Prince et & .
away from the surface into vacuum, whereas the other(s) arePreV|ou§ to the present V\{ork, there are.onlly the theoretical
coordinated to neighboring molecules in the bulk. The net effect calculations of the O 1s inner-shell excitation of methanol

is that these bonds become inequivalent, with the preedge 4a reported in ref 8 but no assignment of the e_xcitations was give_n
feature assigned to a new orbital localized along the uncoor- and, as a result, spectral assignments remain rather controversial.

dinated G-H or N—H surface bond® The formation of a In the present work we have thus recomputed the gas-phase
localized O-H orbital is also observed in the DFT computed SPectrum and will discuss the assignment of the gas-phase
spectrum of the D-ASYM species, used in the analysis of the features together with the DFT calculations in the next section.
electronic structure of liquid water reported by Cavalleri €t al. ~ AlS0 shown in Figure 4 is the TEC K edge spectra of liquid
Both the D-ASYM species in liquid water and the preedge peak Methanol. The TEY spectrum, which is sensitive to the
assigned to an uncoordinated—X surface bond in these electronic structure of the bulk liquid, exhibits three main
amorphous ices serve to illustrate the unique XA spectral differences from the corresponding gas phase spectrum. First,

signatures that allow broken donor hydrogen bonds to be readilyPeak 1 in the gas phase, located at 288 eV, is markedly
identified14.15 decreased in intensity in the TEY (bulk) spectrum, with a

concurrent increase in spectral intensity at 288.5 eV. Second,
peak 2 is reduced in intensity in the bulk TEY spectrum relative
to the gas phase. Last, the-O ¢* resonance (293 eV) is

[ I I [ 1
287 288 289 290 291 292
Photon Energy (eV)

(A)

In contrast, Scheurer et #.find that the solid methane
surface spectrum exhibits only minimal enhancement of the a
state. The small increase in surfagespectral intensity at the . . .
solid methane surface was attributed to molecules oriented with Proadened, with the maximum shifted to lower photon energy
one C-H bond normal to the surface, in this way polarizing by ~0.2 ev. o
the centrosymmetric;@rbital perpendicular to the surface, and e close correspondence oétl K edge TEY liquid spectra
thus enhancing its p character. No such “threshold” enhancemen®©f methanol with that of the vapor could indicate a significant
of the a state in solid NH, H,O or CH, was observed in the spectral pontrlbuyor.l fr_om gas phase molecules immediately
electron yield spectrum, which is sensitive to the bulk electronic Surrounding the liquid jet. From éhO K edge spectra we can
structure. This merely indicates that, with the exception of estimate, via subtracting the vapor from the TEY surface

defects, bulk molecules are arranged in symmetric tetrahedralSPectrum, that there is no more than 10% vapor contribution to
hydrogen bonding configuratiodg23.25 the measured ion signal. This is consistent in magnitude with

the 10-15X enhancement of the ion signal on the liquid jet
relative to the gas-phase background observed when the microjet
ds translated out of the photon bedrhhe influence of the vapor
sheath surrounding the liquid jet is discussed in more detail in
ref 19. We find that the same subtraction procedure applied to
the C K edge spectra cannot account entirely for the close
correspondence between the TEY liquid and vapor spectra.
Therefore we are led to the conclusion that the electronic
structure around the carbon atom at the liquid methanol surface
exhibits minimal perturbation relative to the gas phase. This is
consistent with the recent work of Prince etZlwho report
that —CH groups, in a variety of polyatomic molecules, are
rather insensitive to intermolecular bonding. For example, the
Shown in Figure 4 is the experimental YEC K edge C K-edge spectrum of dimethyl eti&iis nearly identical to
spectrum of methanol vapor. To our knowledge, there are only that of methane and methanol despite the different molecular
two other high-resolution XA studies of molecular methanol, symmetries. In contrast, th&find that this is not the case for

The absence of this well-resolved feature at 534 eV in the
methanol TEY spectrum would be consistent with fewer broken
donor bonds and a larger average number of hydrogen bond
per molecule-consistent with either the cyclic clustéfsor
longer chain models (712 monomers) proposed for liquid
methanoF’ These assertions will be explored in more detail in
section VI “one molecule at a time” using density functional
theory (DFT) calculations of simple methanol clusters to better
understand the spectral contributions of various ring and linear
chain morphologies.

V. C K Edge: Experiment



10198 J. Phys. Chem. B, Vol. 109, No. 20, 2005 Wilson et al.
spectra of hydroxyl groups, which are strongly influenced by 50
neighboring atoms. Therefore, it may not be surprising that the = 40 — 4
methyl groups, which are insensitive to the nature of intra- El) (A)
molecular bonds, would exhibit relatively little sensitivity to g 30 2 3
weaker dispersion forces upon condensation. To account for 5 1 |, =
the specific changes in the TEY O&@ K edge spectra outlined = 20 7
above, DFT calculations on model methanol clusters will now g 104 (B) !
be discussed.
i 0 LI | I L ) I LI I LI I | O
VI. DFT Analysis 535 540 545 550
A. Computational Approach. To further interpret the Photon Energy (eV)
experimental spectral features outlined above, DFT spectrum 250
calculations using simple methanol clusters (linear chains and — 6
rings) are used to provide a molecular picture of the HB structure 200 | 5
within the liquid and its modification at the surface. The spectral 8 A) L4
intensity (or oscillator strength) in X-ray absorption is deter- & 150 7 =
mined by the transition moment between the initial and final ‘_éj 100 — 3 3
states (separated by energy differefesy): 3 1 — 2
S 50 (B) L
2, 2
Iif = é a)if||]IIi|1u|lIIf[ﬂ2 (1) 0 [T T T [T T T[T T T rTro] 0
288 290 292 294 296

These transition moments can be computed within the transition- Photon Energy (eV)

potential approach, which involves the evaluation of a wave Figure 5. Methanol vapor spectra measured at the O (top, A) and C
function with a half-occupied core-ho#.The same relaxed K (bottom, A) edges. DFT computed spectra for the methanol monomer
orbitals are used to describe the initial and final states and theat the O (top, B, from ref 8) ahC K (bottom, B) edges.

transition element can thus be reduced to a transition involving
the core orbital, typically &;sorbital, and an unoccupied orbital

@t

effectively described within this framework. Different topologies
are considered for the methanol clusters: chains up to the 15-
mer, and rings up to six-members. The-O distance between
neighboring molecules is taken to be either 2.62 A, as
determined previously for the surfater 2.7 A, as determined

for the bulk? We find that the computed spectra, using the
The use of a half-occupied core hole treats relaxation effects surface G-O distance, exhibit spectral profiles nearly identical
up to second order and reproduces the absolute transitionto those computed using a liquid distance of 2.7 A, which greatly

2
Ly = é* | Julg;dF 2

energies to within £2 eV of the experimental valué8;the
accuracy can be further improved to better than 0.5 eV by
specifically relaxing each core-excited st&td3ecause of the
dipole selection rulé the transition moment involving excitation
from the 1s core-level will be sensitive to the local p-character
in the excited orbital.

simplifies the overall conclusions drawn from these DFT
calculations.

The methanol molecule has an intramoleculardDdistance
of 0.945 A, the C atom is connected to the O and to the
hydrogens in the methyl group with distances of 1.425 and 1.1
A, respectively, and the €0—H angle is 108.% For the dimer

These calculations give as result a discrete set of energythe angle between the intramolecular—B bond and the
levels, each of which is associated with an oscillator strength hydrogen bond direction is about 157This geometry is
and a line broadening. The experimental broadening of a reasonably close to those obtained by ab initio quantum chemical
transition below the edge has contributions from instrumental, calculations®® In theoretical cluster model calculations one
lifetime as well as vibrational (FranekCondon) broadening,  approach is to perform geometry optimization for each cluster
which will be mimicked in the theoretical spectra by convoluting size. In this manner a self-consistent description of all geo-
with Gaussian functions of the appropriate full width at half- metrical parameters is obtained at the chosen level of theory.
maximum (fwhm); for the continuum we apply a larger However, the changes in the resulting XA spectra arise both
broadening. The computed O K-shell spectra are thus broadenedrom the change in the geometry and in the hydrogen bond
using Gaussian functions of constant width of 0.8 eV up to 537.5 topology. By keeping the geometry fixed as a function of cluster
eV and then linearly increased to 8 eV until 550 eV, as used in size, we eliminate the effects of internal structure changes, while
ref 14 where it has been shown to reproduce effectively the studying the effect of the different HB configurations in the
experimental hexagonal ice XAS spectrum. The C K-edge liquid. Furthermore, for these types of hydrogen bonding
spectra are convoluted using Gaussian functions with constantsystems, consisting of several molecules, a large number of local
fwhm of 0.5 up to 292 eV and then linearly increased to 0.7 minima, with energies not high above the global minimum can
eV in a 20 eV range. Using this approach, we find excellent be found. For example, this has been shown by Franken®ét al.
agreement between the experimental vapor and computedfor the six-member water ring, and it can be assumed to be
monomer spectra. as shown in Figure 5. even more true at the elevated temperatures characteristic of

XA spectra are computed using the molecular orbital DFT molecular liquids. The appropriate choice of geometry is less
StoBe deMon codé& In the present work the system is modeled than straightforward and therefore we have chosen to study an
as bare clusters (rings or linear chains), where the interactionidealized situation.
with the rest of the liquid is not taken into account. The effects  The core-excited atom is described using the IGLO-III all-
of hydrogen bond formation on the electronic structure of the electron basis séb, allowing for the relaxation of the core
methanol molecule are quite local in nature and can be orbitals. Effective core potentials (ECPare used on all other
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The C-edge spectrum of the gas phase molecule has been
computed fully within the transition potential approach and then
shifted to align its third sharp feature under the correspondent
experimental peak at 289.8 eV (peak 2 in Figure 4). Because
of its nature, this peak, whose position is unaffected by
condensation, is a good candidate for calibration of the
theoretical spectra so that we aligned in the same way as for
the gas-phase all C-edge spectra computed for bigger clusters.

The assignment of the spectral features in the C-edge XA
spectrum of methanol is more controversial. The resonance
(288.0 eV) labeled peak 1 in Figure 4 has been previously
assignetf to the 24 — 3s Rydberg state. Later it was arguéd,
by analogy with the alkanes, that this transition originates from
excitation to a valence (€H) o* orbital. Orbital contour plots
of the methanol monomer with core-excited carbon are shown
in Figure 6. Peak 1 (Figure 5) can be assigned to the same
molecular orbital of the preedge peak in the O edge spectrum,
with a p orbital of the carbon mixing with the (€H) o*. The
progression of peaks, in the experimental spectrum (Figure 5),
slightly shifted to higher energies from peak 1, is due to
unresolved vibrational structure due to either the@ (120
meV) or C-H (340 meV) vibrational modes. The peak with
relatively small intensity at 288.8 eV can instead be assigned
to the antibonding (€0) o* orbital, as shown in Figure 6.

A similar controversy exists for the assignment of peak 2 in
Figure 4, which was first thoughtto be due to a 3aRydberg
state but later assign&do a (C—-H) ¢o* resonance. This latest
assignment is confirmed by the DFT calculation of the gas-
phase molecule, as shown in Figure 6 (orbital 3); the K}

o* orbital is heavily mixed with a carbon p-orbital. The third
broad feature at 293.2 eV has been assigned to th® G*
resonancé? In reality, as for molecular D, these resonances
undoubtedly arise from excitations into states of mixed Rydberg/
valence character.

C. DFT: Linear Chains. Shown in Figure 7 is a set of
computed spectra (O K edge) for each methanol molecule in a
seven-member linear chain. Molecules (labeleeH} reside in

the core hole. The calculations are performed using a double-Of 2; €ach molecule accepts and donates a hydrogen bond. The
basis-set technique where, in the spectrum calculation, thetérminal molecules (A and G) have a coordination number of 1

normal molecular basis is augmented by a large diffuse basisdue to the broken donor or acceptor hydrogen bond. In this way,
set (+150 functions) to improve the description of the higher- We can evaluate the spectral differences between molecules with
lying Rydberg and continuum staf&s-or all cluster calculations 1 @and 2 hydrogen bonds one molecule at a time. Particular
nonlocal exchange and correlation functionals developed by aftention is paid to the computed spectra of the terminal
Becke3® Perdew and Wari§ are used. molecules (A and G), which contain a broken hydrogen bond.
B. DFT: Gas Phase.The geometry of the methanol Molecules B-F exhibit very similar spectral profiles with the
monomer was optimized at the DFT/B3L¥P!level using the onset of appreciable oscillator strength at 535 eV. In contrast,
Gaussian98 program packd@&or the geometry optimization, the terminal molecules (A and G) show a much lower threshold
the standard 6-31G basis with diffuse functions was used on With a peak centered at 534 eV. The dashed line in Figure 7
all atoms. The computed O K-edge spectrum for the methanol illustrates thist+1 eV shift of preedge oscillator strength, clearly
monomer is shown and compared with experiment in Figure 5. indicating the sensitivity of XA to both broken donor and
For this small molecule the theoretical spectrum has beenacceptor hydrogen bonds in this system. Although, we cannot
calculated using the transition potential technique with relativ- readily distinguish experimentally between different interior
istic and differential relaxation effeéfsexplicitly included. The ~ Molecules, the terminal methanol molecules provide a clear
relativistic and relaxation corrections computed this way for the “fingerprint” in the low energy threshold feature at 534 eV.
gas-phase molecule are then used to correct the position of allThe +1 eV shift of the first preedge peak in the computed
simulated O-edge spectra of the more extended cluster modelsspectra of the interior and terminal molecules quantitatively
In Figure 6 orbital contour plots are shown in the G—H plane reproduces the shift and energy position observed in the 4a
of the excited molecule. The orbital labeled as 1 in the O K-edge Peak in both the gas and bulk experimental spectra.
spectra in Figure 5 can be identified with the<8) o* orbital, Also shown in Figure 7 is the analogous treatment of the C
as discussed in the previous section, with some contribution K edge spectra using the same seven-member chain. The
from the p orbital centered on the C-atom. The nature of this computed spectra of the interior molecules—B exhibit
orbital makes its dependence on condensation evident. The pealspectral profiles more complicated than those ef@K edge,
labeled 2 has instead clear<{©) o* character. yet the terminal molecule (A) with the broken donor bond

Figure 6. Contour plots of the excited orbitals corresponding to the
main spectral features (labeled-2 in Figure 5) of the methanol
monomer. The orbitals are plotted in the-O—H plane.
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Figure 8. O K edge composite spectra showing the evolution of
oscillator strength with chain length ((GEBH),). Sizes range from the
dimer (gray) to the 15-mer (black). Inset: Computed composite spectra
of a 9-mer linear chain using the building block approach (solid) vs
explicitly calculating (dot) the spectra of each molecule in the 9-member
chain.
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Figure 7. DFT computed O (top) and C (bottom) K edge spectra for 2 30
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exhibits a preedge peak shifted by 0.5 eV to lower energies 2

(shown with a dashed line). This low energy feature is absent
in computed spectra of the interior molecules{B as well as

the opposing terminal donor-only molecule labeled G. The
computed shift-0.5 eV of the interior molecule relative to the
computed methanol monomer (shown in Figure 5) spectrum is 0 —
consistent with the gas-to-bulk shift af0.5 eV determined
experimentally. This implies that the bulk liquid is primarily

composed of molecules that both donate and accept a hydrogen EholcoEuergy (©V), _
bond. Figure 9. C K edge composite spectra showing the evolution of

. oscillator strength with chain length ((GEH),). Sizes range from the
To further explore the effects of chain length, spectra were dimer (gray) to the 15-mer (black). Inset: Computed composite spectra

generated by summing up the oscillator strengths for each of a 9-mer linear chain using the building block approach (solid) vs
molecule in various chain lengths to produce total or average explicitly calculating (dot) the spectra of each molecule in the nine-
spectra, like that shown in Figure 7 for a 7-molecule linear chain. member chain.

For simplicity, we have built up spectra of various chain lengths | | o o )

by constructing average spectra using the central molecule (D!Nterior and terminating molecules as building-blocks. Using
in Figure 7) and the two terminal molecules (G and A in Figure thiS @pproach, we can easily generate spectra for varying chain
7). Thus, the spectra of a 9-molecule chain is computed using'€ngths and quantify spectral changes as function of increasing

the approach: chain length.
O K edge spectra of chains ranging in size from 2 (dimer) to

9-mer= (7*D + 1*A + 1*G)/9 15 molecules long are shown in Figure 8. A¢t® K edge, the
most dramatic change in computed oscillator strength with chain

This building block approach greatly alleviates computational length is in the position of the preedge feature corresponding
expense and yields results nearly identical to those obtained byto the 4a state in methanol vapor. This preedge feature shifts
explicitly calculating the spectra of each molecule in a given up in energy as the methanol chain lengthens. Only subtle
chain. The validity of this building-block approach to generate changes are observed from extending the chain length beyond
spectra is demonstrated for a 9-molecule chain in the insets in7 molecules, with an overall shift of 1.0 eV for long chains
Figures 8 and 9, where we compare the spectra computed forrelative to the dimer and monomer. In addition, the broad feature
each atom in the chain with the prediction using spectra from centered at 540 eV increases in oscillator strength, again

II[IIIIlIIIII'II'II|IIII|[III|IIII|[I[I|
288 290 292 294
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Figure 11. DFT compute C K edge spectra of (A) 3- and (B)
Photon Energy (eV) 6-member cyclic methanol rings. For comparison, the interior molecule
Figure 10. DFT computd O K edge spectra of (A) 3- and (B) (C) and terminal acceptor (D) (labeled D and A in Figure 7,
6-member cyclic methanol rings. For comparison, the interior molecule respectively) of the 7-molecule chain are shown. The dashed line
(C) and terminal donor (D) (labeled D and G in Figure 7, respectively) indicates the preedge peak position in the terminal molecule at 288
from the 7-molecule chain are shown. The dashed line indicates the eV.
preedge peak position in the terminal molecule at 534 eV.
interior chain molecule. Despite the obvious differences at higher
exhibiting saturation for chains longer than 7 molecules. Upon energies (537 eV), this comparison clearly shows that methanol
further inspection the shift of the preedge fature with chain molecules with 2 hydrogen bonds, whether in a ring or chain
length merely reflects the shrinking statistical influence of the interior, lack the well-defined preedge feature at 534 eV clearly
terminal molecules (with broken H bonds) for chains longer evident in the terminal molecule spectrum. Although this
than 6 molecules. This is illustrated for the case of the trimer comparison suggests that it may indeed be difficult to experi-
in which two-thirds of the molecules occupy terminal positions mentally distinguish between rings and long chains by XAS, a
and therefore dominate the total oscillator strength at 534 eV. clear signature remains of terminal molecules and consequently
The same type of analysis fo=tiC K edge is shown in Figure ~ short linear chains.
9. It can be concluded that with increasing chain length the main ~ Shown in Figure 11 is the same analysis as discussed above
spectral changes are 2-fold. First, there is an overall shift in applied to tie C K edge. Parts a and b of Figure 11 are spectra
oscillator strength of the ©H o* + C(p) resonance (288 eV) computed for 3- and 6-member rings, respectively. Included for
to higher energy. For a 7-mer this shift4€.5 eV relative to ~ comparison is an interior molecule (2 H-bonds) as well as the
the dimer. Second, there is a gradual reduction in oscillator terminal molecule (1 H-bond, “acceptor only”) from a linear
strength with increasing chain length of the peak corresponding 7-molecule chain. Spectra 11a and 11b exhibit a shift of 0.5
to the C-H o* state in the methanol monomer. As for the O K €V of the first preedge relative to the analogous feature in the
edge spectra, the computed oscillator strengths are nearlyterminal molecule spectrum (Figure 11d), whereas spectrum 11c
identical for chains #15 molecules in length. shows a strong reduction in the intensity in this region. Again,
From the preceding DFT analysis, the experimedt& edge these calculations suggest that spectra computed for methanol
TEY spectrum exhibit a 1 eVshift to 535 eV of the 4a molecules engaging in 2 H-bonds, whether in a ring or in the
resonance, which can be accounted for by the computed spectrdnterior of a chain, all exhibit 0.5 eV shift in the O-H o
of longer chainst{ > 6) in which molecules with two hydrogen ~ + C(p) peak position relative to the terminal acceptor molecule.
bonds, located in the interior of a chain, dominate the total )
computed oscillator strength. V. Conclusions

D. DFT: Rings. Spectra were also computed for 3- and From the preceding analysis it is clear that the DFT computed
6-member rings, in an effort to evaluate their contribution to spectra reveal the sensitivity of XAS to broken hydrogen bonds,
the experimental spectra. Shown in Figure 10 are the resultsas already observed in studies of®#11-14Specifically, the O
for the O K edge. The computed spectrum for the 3-molecule K edge computed spectra of terminal molecules show a well-
ring (Figure 10a) exhibits an onset of oscillator strength at 535 developed preedge feature that coincides in energy with the 4a
eV. The computed spectrum of the 6-member ring (Figure 10b) monomer resonance. Conversely, molecules in the interior of a
exhibits a similar overall spectral profile as the 3-molecule ring chain or ring have 2 hydrogen bonds and exhibit the same
with a slight shift to lower energy (534.5 eV) of the first preedge preedge feature but shifted up in energyb¥ eV relative to
peak. This observation is consistent with the resonantly excitedthe terminal molecule spectra. This difference leads to a
X-ray emission spectrum of liquid methanol measured recently sequential shift of this feature with chain length that merely
by Guo et al?®> who find that the onset of absorption of reflects the greater contribution of 2 hydrogen-bonded molecules
6-member rings occurs at lower photon energies than do 8in the interior of longer linear chains to the totaimer spectrum.
molecule linear chains. For comparison the computed spectrumTherefore, we can account for the experimental changes in the
of the center molecule (E in Figure 7) as well as a terminal O K edge spectra by comparing the vapor with the computed
molecule (G in Figure 7) in a 7-member linear chain are shown monomer, and the bulk (TEY) with longer linear chaims>
in Figure 10c,d, respectively. Clearly, the terminal molecule 6) or 3, 6-member rings. This comparison is shown in Figure
(Figure 10d) exhibits a well-defined preedge feature at 534 eV 12. The O K edge computed spectra account for the qualitative
that is absent in both the 3- and 6-molecule rings as well as thebehavior of the preedge, which is observed to first decrease in
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Figure 12. A comparison of te O K edge experimental (A) vapor

and (B) bulk spectra with the DFT computed methanol (C) monomer
and (D) linear 7-mer. The dashed lines indicate the position of the 4a
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Figure 13. Comparison of th C K edge experimental (top) vapor

(dot) and bulk (solid) spectra with the DFT computed (bottom) methanol

feat in th tra. Th tral ch . _monomer (dot), and linear 7-mer (solid). The spectral changes observed
eature in the vapor (or monomer) spectra. The spectral changes Min the experiment are well modeled by DFT through an increase in

this peak observed in the experiment are well modeled by DFT through iy jength from the monomer (vapor) to trimer a chain of 7 molecules
an increase in chain length from the monomer (vapor) to a chain of 7 in length (bulk)

molecules in length (bulk).

oscillator strength in the formation of a linear trimer relative to  Possibilities experimentally. The computed linear trimer exhibits
the monomer and shift by-1 eV in the computed 7-mer linear ~ SPectral changes “intermediate” between the monomer and
chain or ring. In this way, these DFT results can be used to 7-mer. Last, the two computed spectra shown (monomer and
rationalize the spectral changes observed experimentally upon/-mer) account for the reduction in intensity of the-B o*
condensation. state observed in the experimental vapor and bulk spectra.

It is interesting to compare the development &f @ K edge In conclusion, the computed spectra of the1b-member
spectrum of methanol upon H-bond formation with that of water. linear chain and 6-molecule ring accurately reproduce the
In water there are two equivalent H-donating possibilities, and spectral changes observed in the TEY and are consistent with
with both coordinated, the preedge feature is quenched, asthe recent XES study, which found evidence for equimolar
discussed previousf.The preedge arises when the near- mixtures of 8-molecule linear chains and six-member rifigs.
tetrahedral symmetry of water in ice is broken and one donating The DFT computed spectra clearly illustrate the sensitivity in
H-bond is lost; the extreme case corresponds to one strongthis system to extended methanol morphology (chains and rings).
(short) donating H-bond and one broken, similar to gas-phase In addition, the terminal molecules exhibit clear differences from
methanol. However, in methanol the asymmetry is inherent those molecules within a ring or chain interior. Surface tension
through the strong covalent-@® bond and the more weakly =~ measurements as well as MD simulations both indicate that
H-bonded G-H. Thus, for methanol the preedge is quenched methanol molecules located at the ligdiapor interface will
to a lesser extent through H-bond formation because this bondbe oriented such that the methyl groups extend away from the
cannot compete in strength with the internal bonds in the bulk liquid. These configurations will naturally imply an
molecule. We find an upward shift in energy of the preedge interfacial layer of terminal methanol molecules. Therefore, on
peak for the interior molecules in the chains, but a rather small the basis of the DFT calculations presented here, we predict
loss of intensity due to the inherent asymmetry around the that any changes in methanol chain morphology at the liguid
oxygen in this case. vapor interface should be readily observed in the intensity and

Figure 13 shows the experimehfa K edge spectra of the  position of the preedge 4a@aesonance.
vapor and bulk, compared with the computed monomer, and
linear 7-mer. Again, an overall gas-to-bulk shift of the first Acknowledgment. The experimental work was supported
preedge feature by-0.5 eV is quantitatively captured by the by the Chemical Sciences Division of the US Department of
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