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Linear Dichroism in the X-ray Absorption Spectra of Linear n-Alkanes

1.

linearly polarized electromagnetic radiation (EMR). LD spec-
troscopy is widely used to measure the orientation of bio-
materials such as DNA proteins, polypeptides,molecules
adsorbed on surfacésself-assembled monolayers (SAMs),
Langmuir-Blodgett filmsg rubbed polymer§, etc. Linear
dichroism studies have been carried out by a wide variety o
spectroscopic techniques, including surface-enhanced Rama
spectroscopy (SERSY, attenuated total reflectance (ATR)
spectroscopy? infrared reflection absorption spectroscopy
(IRRAS) 2 polarization modulation IRRAS spectroscoly,
near-edge X-ray absorption fine structure (NEXAFS) spectros-
copy®13and NEXAFS spectromicroscopy.

molecular orientation of organic materials because sharp core
level excitations for carbon, nitrogen, oxygen, and fluorine occur

in the soft X-ray region. Features in NEXAFS spectra are

typically described in terms of one-electron transitions from core

levels to unoccupied valence orbitalssof and o* symmetry,

as well as Rydberg orbitals. These spectroscopic features cad”
be used to identify the chemical composition of materi4iss

and their angle dependence can be used to measure th
orientation of specific chemical moieti€$7—20

angle® between the electric field vector of X-rayg)(and the
direction of transition dipole moment (TDMy:) according to

whereuis is the TDM for the one-electron transition from the
initial state; to the final statey; according to
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The nature of the linear dichroism in the near-edge X-ray absorption fine structure (NEXAFS) spectra of
linearn-alkanes is a matter of long-standing controversy. Linear dichroism in the carbemis ¢ transition

has been interpreted within a building block model and a molecular orbital model, leading to two different
descriptions for the angular dependence of this feature. When used for measurement of molecular orientation,
the application of these two different models will lead to different results. We have explored the linear dichroism

in the carbon 1s NEXAFS spectra of single crystals of the linelkane hexacontane-CeoH127). An analysis

of the angular dependence in this spectrum shows that the transition dipole moment associated with the carbon
1s— o*c—c transition is oriented along the macromolecular chain axis, contradicting the predictions of the
building block model. However, other transitions are observed insthey and theo*c—c bands that are
orthogonal to the dominant transitions for each band. We also observe that radiation damage can be manifest
in the form of molecular reorientation in highly ordered organic thin films.

Introduction to the nodal plane of the-bond. The transition intensity varies
asl = A cog 0, whereA describes the angle-integrated cross
section and is as defined above.

In unsaturated molecules, the symmetry of ttfeorbital
creates an unambiguous relationship between the molecular
frame and the TDM for the core> 7* transition. Examples of
the use of core~ s* transitions for measurement of molecular
f orientation include polymer surfaces such as polyinfice=
I,polystyrenél as well as many small molecules adsorbed on
single-crystal surfaces.

In saturated molecules such aslkanes, the character of
the 1s— o* transitions is controversial. As a starting point,
there is a long-standing, perhaps never-ending controversy
regarding the assignment of continuum features’ashape
resonances. There is specific disagreement regarding the as-
signment of carbon 1s> ¢*c—¢ transitions in simple hydro-
carbons such as ethaffdf, for the sake of discussion, we accept
that continuum resonances in the carbon 1s NEXAFS spectra
of n-alkanes can be considered as carborks* c_¢ transitions,
our next step is to consider their character. Unlike unsaturated
olecules, the TDM vector for carbon s o*c_¢ transitions
cannot easily be projected onto the molecular frame. There are
wo common models for the*c_c excited state: a building
lock (BB) model and a molecular orbital (MO) model. These
The intensity of the NEXAFS resonances depends on the _models_and the consequences of their selection will be diccussed
in detail below. If the continuum features observed in the
NEXAFS spectra ofi-alkanes cannot be properly described as
carbon 1s— o*c_c transitions, measurement of their angle
|0 |E,uif|2 0cod o 1) depcndence remains very relevant. Th_ese spectroscopic features

continue to be used for molecular orientation measurements,
despite the ambiguity in their theoretical justification.

In the building block (BB) model proposed by Outka; 18to
and co-workerd? a molecule is viewed as an assembly of
i = Oplulyp,0 ) diatomic subunits or “building blocks”. Linear alkanes are

treated as the assembly of individuat-C “building blocks”,

Linear dichroism (LD}3 is the anisotropic absorption of

NEXAFS spectroscoyis an ideal technique for probing the

For example, for a 15> * transition, the TDM is perpendicular ~ and the angle dependence of the carbor-1s* c—c transition

arises from the sum of the TDMs of the individuat-C building

* Corresponding author: email stephen.urquhart@usask.ca. blocks, each TDM aligned along each-C bond. Since this
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Figure 1. Relationship between the transition intensity and the angle
between the transition dipole moment (TDM) and the electric field
vector €) for the carbon 1s NEXAFS spectra of linear alkanes,
calculated within the building block (BB;) and the molecular orbital
(MO; — — =) models. The intensity scale is defined according to

A cog 6, whereA describes the angle-integrated cross sectforr (1

in this figure).

model implicitly considers the electronic structure as the sum
of the properties o$pecific bonds between diatomic paitisis

is in essence aalence bondlescription. In contrast to this BB
model, Haner et all have used a molecular orbital (MO)

approach to consider the angle dependence of the C 1s NEXAFS?

spectra ofn-alkanes. A molecular orbital can be delocalized
over all or part of a molecule and not (necessarily) localized to
a specific bond pair. Intuitively, we expect th&c_c molecular
orbital will be delocalized and aligned along the macromolecular
axis of then-alkane chain, rather than oriented along specific
C—C bonds. As a consequence, the TDM of the carbor1s
0*c—c transition should be aligned along the macromolecular
axis in the MO model.

The predicted angle dependence for the carbor 18 c—c
transition in the NEXAFS spectrum of a linearalkane

molecule based on the BB and the MO model is presented in
Figure 1. This angle dependence is expressed as a function of

the angle between the electric field vect&) @nd the macro-
molecular chain axis of ther-alkane. The BB model is

J. Phys. Chem. A, Vol. 109, No. 51, 20061725

as these theoretical idealizations are the current basis of
experimental methods for measuring molecular orientation.

Both the BB and the MO model have been widely used in
the literature for the analysis of the orientation of alkanes such
as alkanethiol and semifluorinated self-assembled monolayers
absorbed on planar surfaces (see references 25 and 26). Here,
the analysis is quite complex: the orientation of the spectro-
scopic TDM is described by a tilt anglex) relative to the
surface normal and an azimuthal angle about the surface normal
(¢).6 This azimuthal dependence will be averaged when multiple
domains are present, such as in a typical self-assembled
monolayer filmé The model relating the TDM to the molecular
axis is then used to relate the spectroscopic angle dependence
to the molecular orientation, by use of either the BB or the MO
model. Several other factors can affect the magnitude of the
linear dichroism. With any degree of azimuthal disorder, the
intensity of the carbon 1s- 0* c_¢ transition cannot go to zero
even in the MO descriptioaunless the alkane chain is oriented
exactly normal to the sample surfaae € 0). Disorder in the
chain conformation and photon ellipticity will also reduce the
magnitude of the linear dichroism.

To understand the linear dichroism in the carbon 1s NEXAFS
spectrum of linear alkanes, we need to experimentally character-
ize the absolute angle dependence of transitions found in its
spectrum. For this, we require a highly ordered sample,
preferably a single crystal. In particular, we wish to avoid the
azimuthal averaging present in self-assembled monolayers. We
also wish to measure the spectra of HC at all possible angles
between the X-ray electric field vector and the molecular chain
axis. In a typical angle-resolved NEXAFS measurement of a
surface-absorbed molecule, the angle explored ranges between
lancing ¢~20°) and normal (99) incidence. Several possible
orientations of tha-alkane molecule in ransmission geometry
are presented in Figure 2, where it is possible to rotate the
sample azimuthally around the photon axis. Whealkane
chains are oriented normal to the sample surface, azimuthal
rotation will not change the angle between the electric field
vector and the alkane backbone axis (Figure 2a). However, if
the alkane chains are induced to lie parallel to the sample surface
(e.q., lateral orientation), azimuthal rotation can change the angle
between the electric field vector and the alkane backbone axis,
from 9C° to 0°, as shown in Figure 2b. Consequently the angle
dependence of the carbon 4s o*c—c transition can be fully
xplored. We require a sample with th@lkane chains laterally
oriented in the plane of the sample surface.

This geometry requirement creates challenges for sample

constructed by adding up the bond-specific contributions where Preparation. The simplest methedsolvent deposition oh-

the TDM is aligned along individual €C bonds and the sum

is derived by use of appropriate<€—C bond angles? The

MO model assumes that the TDM is directed along the chain
axis as a delocalized*c—c molecular orbital. Both models
show that the intensity of the carbon tso*c—¢ transition is

at a maximum when the electric field vector is directed along
the chain axisf = 0°) and reaches a minimum when the electric
field vector is perpendicular to the chain ax&< 90°). The

alkanes or the self-assembly of alkanethialgsult in films
where the chains are oriented approximately normal to the
sample surface, usually with some disorder. We have selected
epitaxial growtR”~2° on crystalline surfaces to prepare samples
where then-alkane molecules are oriented in the sample plane,
using methods developed for electron crystallograf§i#yOur
results show that the alkane molecules prepared in this manner
are laterally oriented. By controlling the deposition conditions,

key difference between these models is the magnitude of thewe can prepare films with smaller or larger oriented dom&ins.

change. In the MO model, the intensity of the carbon—ts
0*c—c transition is predicted to go to zero at= 90°, while
this transition never goes to zero intensity in the BB model.

Scanning transmission X-ray microscopy (STXM) is used to
acquire angle-resolved carbon 1s NEXAFS spectra of a well-
ordered, laterally oriented hexacontane (HC) thin film at a range

The difference between models can be understood by considerof azimuthal angles. In the STXM microscope, it is possible to

ing the co3 O dependence for bond-specific contributions in
the BB model. The MO and BB models are, of course,

rotate the sample azimuthally around the photon axis, change
the X-ray polarization vector inclination (with an elliptically

idealizations. This fact provides all the more reason precise polarized undulator source), select specific sample areas, evalu-

experimental measurement of this linear dichroism is required,

ate the presence of domains with different molecular orienta-
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Figure 2. Schematic of alignment of linear alkane molecules relative to the substrate and the X-ray electric field vector. (a) Alkane molecule
oriented normal to the substrate surface, electric field vector parallel to the substrate surface; (b) alkane molecules laterally origntieldelectr
vector parallel to the substrate surface.

tions, and monitor the radiation dose. We have determined theperformed in a vacuum of 10 Torr from a resistively heated

absolute angle dependence of the transitions in this spectrumtungsten boat. The average thickness of the deposited films was
and with these data considered the validity of the molecular measured with a quartz crystal microbalance. To have adequate
orbital and the building block models for the angle dependence absorption at the carbon 1s core edge, the sample thickness was

of the carbon 1s spectrum ofalkanes. maintained in the 100150 nm range. A quartz light bulb heater
and a thermocouple were used to control the temperature of

2. Experimental Section the NaCl substrate during the HC deposition. After deposition,
the NaCl substrate was dissolved in water (obtained from a

2.1. Materials and Sample Preparation.The linear alkane < - WS
used in this study was hexacontameQggH122, HC) (Sigma- M|II|p0_re _Water purification system, 18 )_to sepa_rate the
Aldrich, 98% purity), used without further purification. The HC thin films from the substrate. The floating HC films were

single-crystal NaCl substrates used were surplus Fourier trans-Picked up on SN, windows (Silson Ltd.) for X-ray microscopy
form infrared (FTIR) windows. Clean surfaces were prepared €Xperiments.

by cleaving the NaCl single crystal to expose a fresh (001) 2.2. NEXAFS SpectroscopyNEXAFS images and spectra
crystal plane. The substrates were placed in a high-vacuumwere recorded at the Advanced Light Source (ALS) in Berkeley
chamber (Datacomp Scientific), and the evaporation was on two scanning transmission X-ray microscopes (STXM): the
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band has the strongest intensity when the electric field vector
is perpendicular to the alkane chain, that is, oriented in the CH

or xy plane (line with data points in Figure 3). In early electron
energy loss spectra of gas-phase alkanes, this pre-edge band
was assigned as 3s and Bt(CH>) transitions®® The similarity

of the carbon 1s spectra of gaseous and condensed cyclic alkanes
led Hitchcock et af® to conclude that valence character was
dominant in this mixed Rydberg/valence character state. When
carbon 1s spectra of alkanes were recorded with much higher
energy resolution, features were unambiguously assigned as
Rydberg transition&34%-41although discussion of the degree of
valence character is ongoifg?*® Curiously, Bagus et &@44
concluded that pre-edge resonances in the carbon 1s spectra of
condensedlkanes were predominantly Rydberg character even
though it is generally expected that Rydberg states will be

Figure 3. Carbon 1s NEXAFS spectra extracted from orthogonally quenched in the solid Stgte. Recent density functlona! theory
oriented domains of HC, deposited on a freshly cleaved NaCl (001) (PFT) calculations of Weiss et &t.for n-octane show mixed
surface with a room-temperature substrate temperature during evaporavalence-Rydberg character.
tion. The spectrum (solid line) is extracted from domains that correspond  The resonances observaldove the ionization threshold are
Eﬁ;h;:::‘%g:o:legal;?agésc'k"t‘)’gzéheTfl':CStggé't‘::}dmve(ﬁ;‘;;’;egg?gt;";”g often described within two variations of the shape resonance
extracted from domains that correspond to the afgte 90°, that is, mOd_eI' Achemical orbitalmodel relates the character of tth‘
with the electric field vector oriented perpendicular to the macro- CONtinuUM resonances to the character of the unoccupied
molecular backbone. The molecular schematic illustrates the Cartesianmolecular orbital$?>#¢in which these resonances are described
coordinate conventions used in this paper. as “core— o* resonances” embedded in the continuum. This
approach has the advantage of providing a direct relationship
polymer-STXM at beamline 5.3*2and the molecular environ-  between the molecular structure and its spectrum through the
mental sciences MESSTXM at beamline 11.0.2 The polymer- familiar and predictive language of molecular orbital theory.
STXM is on a bending magnet source, where we expect a Alternatively, continuum resonances are described by the
photon polarization of 8590% ellipticity, oriented in the  trapping of the outgoing photoelectron by a potential barrier of
horizontal plane. The MESSTXM is mounted on an elliptically ~ the molecule’ this model is computationally studied with
polarized undulator (EPU) source, where the linear polarization multiple scattering calculatiorfs.
can be inclined from horizontal to vertic&The degree of linear These shape resonances are frequently used in a building

polarization on this EPU has been measured to be 16006 block approach, where the spectrum of a complex molecule is
1%) linearly polarized at several different inclinaticisThe treated as the assembly of diatomic or pseudodiatomic frag-
resolving power of the monochromator was 1900 for the 5.3.2 ments® This building block model is the basis of the contro-
STXM beamline and 2500 for the 11.0.2 MESTXM beam-  versial bond length correlation meth®¢? as well as the BB
line. approach for linear dichroism described ab&vBecently,

All spectra were acquired in transmission mode and are Piancastelf? provided a critical review of these shape resonance
reported as optical density versus energy (electronvolts). Theinterpretations. Multiple excitation, shake-up continuum, and
optical density (OD), derived from the Beetambert law, is  shake-off continuum features are also considered as the origin
obtained from OD= —In (I/1g) = upt, where for a given X-ray of continuum features.
energylo is the incident flux (measured through a hole in the | the carbon 1s NEXAFS spectra of alkanes, there are two
thin film), I'is the transmitted flux through the samplés the  gominant features above the ionization potential that show
sample thicknesg, is the mass absorption coefficient, amnis angular dependence: a strong band-893 eV and a weaker
the density. Since this sample is sensitive to radiation, special p5nd at 301.1 eV. For convenience, we will use the traditional

caution_ was taken whe_n taking f_ing-scale images and SpeCtra-assignments of these transitions, that is, as carbon &Sc_c
To avoid the accumulation of radiation damage, each spectrumg4 carbon 1s~ o*c_c, respectively.

was acquired from a unique sample area. 3.2. Preparation of Laterally Oriented HC Thin Films.

As outlined above, we require well-orderedalkane single
crystals where the chains are oriented laterally in the sample
3.1. Carbon 1s NEXAFS Spectroscopy of Hexacontane. plane and where the crystalline domains are large enough to
Figure 3 presents carbon 1s NEXAFS spectra of a well-oriented permit the acquisition of several sequential spectra from the
HC thin film recorded at two different angles of the X-ray same domain. Radiation damage is a concern, and our sample
electric field vector with respect to the chain axis, along with area must be large enough to distribute the radiation dose from
the Cartesian coordinate system used for this molecule. Theseveral sequential scans over a large enough sample volume to
molecule HC belongs to the point grop, and we use the minimize the appearance of radiation damage. To estimate the
following coordinate system to describe its orientation: All sample area required, we performed a study of the radiation
carbon atoms lie in thgz plane, the overall macromolecular damage kinetics for HC following established proceddfés.
axis is along the-axis, and the Chkigroups are parallel to the  This procedure provides the critical dose: the radiation dose
xy plane. for the 1/e attenuation of the intensity of a particular transition
In Figure 3, the absence of a 285 eV feature demonstratesor the corresponding increase in the intensity of a transition
the low level of radiation damage in this typical exposure time. due to radiation damage. For HC, we found that the critical
The band at~288 eV (below the ionization potential) is dose was 12 eV/nénfor the attenuation of the carbon 1s
traditionally assigned as the carbon-tss* c—y band?23-3"This o*c_y transition and 32 eV/néfor the increase in the carbon

3. Results and Discussion
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Figure 5. X-ray microscopic images of HC films’ epitaxial growth
onto a freshly cleaved NaCl (001) surface by thermal evaporation with
substrate temperature of 46 during evaporation. These images were
acquired with an X-ray energy of 287.6 eV. For image b, the sample
has been rotated by 70

@eC °eoH

molecular movement on the substrate is limited. This leads to
) o ) ) a higher effective density of nucleation sites and the formation
Figure 4. Expected epitaxial relationship between HC molecules and ot smaller crystallites. The sample deposited with a substrate

the NaCl (001) surface. The HC molecules (only 14 carbon atoms : .
shown) are preferentially aligned along the two crystallographically temperature of 45C has large enough domains for our intended

equivalent[1100and (1100directions on the (001) surface. angle-resolved NEXAFS measurements.
3.3. Measurement of the Angular Dependence of NEXAFS

1s— m*c—c transition; the latter corresponds to the formation Spectra. Angle-resolved NEXAFS spectra were measured on
of C=C double bonds by radiation damatjanith a guideline the bending magnet polymer-STXM (beamline 5.3.2) and
of keeping the total radiation damage below the critical dose elliptical polarized undulator (EPU) MESSTXM microscopes
for the carbon 1s—~ o*c_y transition, we estimated that we (beamline 11.0.2) at the Advanced Light Source. Since the
would require an area of at leastL70um? in order to acquire bending magnet source is horizontally polarized, the sample
10 spectra at different sample angles with dwell times and scanmust be rotated azimuthally around the photon axis by use of
lengths typical for adequate statistics. a rotation cell to measure the linear dichroism. Since the
The expected epitaxial relationship between the NaCl (001) orientation of a particular domain is not initially known,
substrate and the HC molecules is shown in Figure 4. The high measurements were made at a series of angles and the intensity
symmetry (cubic structure) and the ionic field force of NaCl of the carbon 1s> 0* -4 band was monitored as a function of
induce the HC molecules to align on the NaCl (001) face along angle. The angles at which the intensity of the carbor-1s
the crystallographically equivalenifl100 and (1100 direc- 0*c—n band reaches minimum and maximum were defined as
tions 31.53-55 6 = 0° and® = 90°, respectively. In the EPU measurements,
Oriented domains in samples prepared at room temperaturethe X-ray polarization can be changed from horizontal (EPU
are too small for reliable angle-resolved NEXAFS spectroscopy 0°) to vertical (EPU= 90°) by shifting the EPU phas¥.
measurement®,particularly within the radiation damage limits  Nevertheless, it was still necessary to rotate the sample manually
described above. However, we found that we can modify the for the EPU measurements, as the90° range of linear
size of these domains by controlling the substrate temperaturepolarization inclination cannot cover the full angle range if the
during film depositior?93156 Figure 5a presents an X-ray molecular domains are not perfectly aligned in the horizontal
microscopy image recorded at 287.6 eV of an HC thin film or vertical directions. Here, we only report the EPU data as we
evaporated onto freshly cleaved NaCl(001) where the substratefound a systematic attenuation in the intensity of stronger
temperature was held at #& during deposition. The image transitions in the bending magnet spectra. There are two
contrast is more uniform, consisting of an open area, a matrix potential origins for these differences: photon ellipticity and
(dark gray), and smaller dispersed domains (light gray). In higher harmonic photon contamination. The increased ellipticity
Figure 5b, the image contrast inverts when the sample is rotatedof a bending magnet source will decreasertregnitudeof the
by ~70° about the photon axis (note: this measurement was linear dichroism, that is, decrease the intensity of the 293.5 eV
made with the bending magnet polymer STXM, where the X-ray carbon 1s— o*c_c transition and increase the intensity of the
electric field vector is horizontal). This sample consists of a orthogonally oriented pre-edge carbon-*so*c— transition,
majority phase aligned in one direction and a number of minority or vice versa. However, we found that the intensity of all strong
phases aligned at right angles to the majority phase. The features was attenuated in the bending magnet spectra, indicating
morphological differences of this sample relative to the sample that ellipticity alone is not responsible for the difference.
deposited at room temperature suggests that some additional Higher harmonic contamination is a particular concern for
energy is required to create larger crystals of HC by epitaxial the bending magnet STXM, which uses a spherical grating
growth2 For the sample prepared at room temperature, there monochromator (SGM). The SGM monochromator produces
is less thermal energy to promote molecular diffusion, and significant second- and third-order harmonics, while the plane
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Figure 6. Carbon 1s NEXAFS spectra of an oriented HC thin film, 290 300 310
prepared at a substrate temperature of °€5during evaporation, Energy (eV)
presented as a function of angle. These data were recorded by use of
the MES-STXM microscope, by inclining the direction of the linear
polarization and rotating the sample. >
®
TABLE 1: Energy and Full Width at Half Maximum of G
Transitions Optimized from the MGAUSS Fit of the Carbon a
1s Spectra of HC 3
peak position287.63 288.23 288.51 289.1 291.5 293.5 296.0 301.1 oQ'
(eV)
fwhm(ev) 051 068 054 228 131 356 597 7.90

290 300 310
Energy (eV)

grating monochromator of the MESSTXM beamline does not
produce higher harmonics as efficiently. As higher harmonics
will not be absorbed by the sample as ef.'filci'ently as first-order representative angle®) (= 0°, 50°, and 90), fitted by MGAUSS
photons, both theandl, signals will be artificially higher than — hr55:am. These data were obtained by use of the elliptically polarized
for a pure radiation source, and the magnitude of the optical yndulator (ALS beamline 11.0.2), for an HC sample deposited onto
densities will be suppressed, as we observe. the NaCl (001) surface at a substrate temperature ofCGlSluring
Several causes of higher order contamination are specific toevaporation. The line with symbols represents the experimental
the STXM microscopes used for these experiments. The Ordermgeasur_ed spectra; the_thick solid line represents the best fitted_spectra;
sorting aperture should filter out higher harmonic photons, but ;[jhln solid lines, _Gau55|an peaks; dashed line, error step function; and
S . L . ashed-dotted line, background.
small misalignments will lead to the transmission of these higher
harmonics. These higher harmonics can be transmitted directlywere used to correspond to the spectral features and an error
through the central stop of the zone plate focusing element if function (erff was used to model the ionization edge of carbon.
this element is not thick enough to not transmit at the energies The inflection point of the error function step was fixed at 289.7
of the harmonics. eV, 1.0 eV lower than the ionization potential of gas phase of
Because the bending magnet spectra are systematicallypropan€® An orientation-independent background was also
distorted, we will use only data acquired with the EPU source used. The parameters for the positions and shapes of the various
(MES—STXM) for the subsequent analysis. Proper consideration NEXAFS resonances with angular-dependent intensity are listed
of these experimental factors is essential when NEXAFS spectrain Table 1.
are acquired for linear dichroism studies. Figure 7 presents the angular dependence of carbon 1s
Figure 6 presents the carbon 1s NEXAFS spectra of HC, NEXAFS spectra of HC films obtained on the MESTXM at
recorded at 10 different angles, with the EPU source. We havethree representative angle®,= 0°, 50°, and 90. Figure 8
used the MGAUSS prograthto determine the angle depen- presents the optical density of each resonance as a function of
dence of features in our set of NEXAFS spectra. MGAUSS angle @) and co3 6. The co3 6 plot provides a diagnostic of
allows us to simultaneously fit the entire set of spectra to a experimental quality, as experimental linear dichroism data
common set of linked and independent parameters. In the angleshould have a c8%) dependence (see eq 1). The T6plots
resolved spectra, we expect timensitiesof specific features in Figure 8 are linear with the exception of the trace for the
to vary but their position and width to remain invariant. 293.5 eV feature. The linearity of all but one trace demonstrates
Therefore, we constrained the energy and the width of spec-that the experiment is free from major artifacts, and several
troscopic features so they vaigentically for all of the spectra reasons can be provided for the deviation of the one trace from
in the simultaneous fit, while allowing the intensity of each linearity. This transition is the most intense continuum reso-
feature to vary independently. To achieve the best fit of the 10 nance, so it will be most sensitive to deficiencies in the functions
spectra recorded with different angl@seight Gaussian curves  used for the fit. We note that the continuum resonances are not

Figure 7. Fits of the carbon 1s NEXAFS spectra of HC films at three
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Figure 8. Optical density of resonances in the carbon 1s NEXAFS spectrum of HC as a function ofamggecos 6.

the symmetric Gaussians as used in the fit but rather are molecular backbon&)(= 0°). This contrasts with the results of
asymmetrically broadened by vibratiériNevertheless, we fit Hahner et al’ in which the intensity of the EH band decreases
these features with symmetric Gaussian functions as the additionto approximately 30% of the maximum feature intensity.
of more functions to model this asymmetry would lead to However, the data of Haer et al. do not have adequate energy
overlap with other resonances and prevent us from tracking aresolution to resolve the third transition at 288.51 eV. The failure
specific resonance as a function of angle. This error will be to resolve this third, orthogonal transition in this fit results in
highest when the 293.5 eV feature is most intense. However, the incorrect angular dependence observed biinde et al.
this approach is a necessary compromise for the analysis of ourronically, their C-H angle dependence looks like the hypoth-
data. When the 293.5 eV feature is at its minimum intensity, esized “building block” angle dependence (Figure 1), although
we find that radiation-induced molecular reorientation prevents this interpretation is not plausible for the planar Qi¢ometry.
us from observing zero intensity for this transition. This effect This observation demonstrates that adequate spectral resolution
will be discussed below. is required to properly characterize the angle dependence in these

Four resonances were observed below the ionization potentialspectra. Conclusions regarding the electronic structure and
in the spectral fit: at 287.63, 288.23, 288.51, and 289.1 eV molecular orientation based on insufficiently resolved spectra
(see Table 1). The resonances at 287.63 and 288.23 eV show ahould be viewed with caution.
strong angle dependence with a maximum intensity when the What is the spectroscopic character of the third pre-edge
electric field vector is oriented normal to the HC chain. The transition? We are reluctant to characterize this transition as a
third resonance, at 288.51 eV, has an opposite angle dependencearbon 1s— o*c—y transition, as its TDM is oriented along the
and a maximum intensity when the electric field vector is z axis, orthogonal to the CHplane. We have considered that
oriented along the macromolecular axis. The fourth Gaussianthis transition might originate from the terminal €lgroups
in the fit, at 289.1 eV, is unexpectedly broad and straddles the on the HC chain, as we expect a-“€l” component from the
ionization potential. The inclusion of this Gaussian function is terminal CH groups oriented along the macromolecular back-
required for a good fit of the data, but given its character and bone direction. However, a stoichiometric calculation shows
the fact that we cannot observe this feature in the raw spectra,that this hypothesis is improbable. In HC, there are 6HC
we do not assign it direct physical significance. bonds in the terminal CHgroups versus 116 -€H bonds in

The first two transitions are considered to be carbor~ls  methylene groups, that is, 5% of the—& spectroscopic
0* c—p transitions, as the TDM is oriented in the plane of the intensity will originate from the CHkl group. Therefore, the
CH, group (e.g., thay plane, orthogonal to the macromolecular intensity of the third peak is greater than would arise from
backbone). The energy separation between these two resonancesoichiometric considerations of the @Hjroup. Since this
is 602 meV, in close agreement with the theoretical calculation transition lacks the symmetry of a-@1 resonance, a simple
value of 650 meV fon-octane’® orbital picture of energy-separated-€& and C-C ¢* bands

The intensity of the first two transitions goes nearly to zero does not hold. This €H band has components in all three
when the electric field vector is aligned along the macro- Cartesian directions.
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We may be able to rationalize the character of this third
transition by considering the role of Rydbergalence mixing 1.0
in the carbon 1s NEXAFS spectrum of HC. The carbon-s r
3s transition and the carbon *s 3p Rydberg transition 0.8 |-
components directed in they plane can mix with states of
0*c—n Charactef? Further, we expect that states of Rydberg
character will be quenched in the solid state, so the transitions
directed in thexy plane will be predominantly valenag c—y
character in condensed alkanes. In contrast, the 3p Rydberg
component directed along tlzeaxis cannot mix with states of
0* c—n character and will remain as “pure Rydberg”, which by 02 —— Small radiation dose (0.43 eV/nm®)
symmetry cannot support mixing with statesst_y character. —— Large radiation dose (2.0 eV/nm°)
Such mixed and unmixed Rydberg states are observed in the  0of>==>¥% L
gas-phase NEXAFS spectra of simple alkaffes. 285 290 295 300 305

Above the ionization potential, four resonances are resolved Energy (eV)
in the-flt: at 291.5, 293.5, ,2,96'0’ and 30_1'1 eV (see Taple 1 Figure 9. Carbon 1s NEXAFS spectra of HC, showing molecular
and Figure 8b). Each transition can be directly observed in at yegrientation induced by radiation dose.
least a subset of the experimental data. The strong 293.5 and

06 -

Optical Density

301.1 eV transitions are assigned as carbor~16*c—c agg radiation dose. These exposures are well below the critical doses
carbon 1s— 70*0—0' tra_nsmonsé respectively, by Stoet al ; required forchemicalchanges in HC, which leads to the loss
Hahner et afl and Weiss et &f of C—H bond (12 eV/n) and formation of &C bonds (32

Our angle dependence data show that the intensity of the eV/nn¥; see section 3.2). Indeed, loss of the & bond would
resonances at 293.5 and 301.1 eV has the strongest intensityttenuate the 288 eV region but have no effect on the carbon
when the electric field vector is aligned along the macro- 1s— o*c_c transitions. However, since we see a clear linear
molecular orz axis. This is consistent with* c_c character. In dichroism effect-an increasein the carbon 1s— o*c-y
contrast, the resonances at 291.5 and 296.0 eV exhibit antransition and @ecreasen the carbon 1s> o* ¢c_c transitiorn—
opposite angular dependence, with maximum transition intensity these changes can be directly attributed to molecular reorienta-
when the electric field vector is normal to the macromolecular tion.
axis. These transitions lack the symmetry expected for a carbon The origin of this reorientation is a matter of speculation.
1s— o*c-c transition, in either the BB or MO model, and like  One might consider that a temperature rise from the radiation
the third (288.51 eV) transition in the-€H band, do not fit exposure might induce molecular reorientation, although these
into a simplistic o*c—c orbital picture. The origin of these radiation doses (2.0 eV/rmnare very low. A more likely
transitions is unclear. scenario is that the radiation exposure causes fragmentation of

Interestingly, it appears that features with a TDM along all the HC chains, where the fragments can reorient at ambient
three Cartesian componentsy(plane,z axis) are observed in  temperatures. Only one-C bond needs to be broken to change
the 0*c_c band just as in the*c_4 band. The observation of ~HC (n-CgoH129) into two Cgo fragments (or any other logical
multiple, overlapping peaks in the*c_c band with an combination of fragment lengths). As the melting point of a
orthogonal orientation dependence raises a caution about theCso chain (6567 °C) is ca. 30°C below that of HC, chain
use of these features for orientation analysis. fragmentation from radiation damage will lead to a distribution

The carbon 1s— o*c_c transition at 293.5 eV exhibits the of shorter molecular chains, which can then undergo melting

largest change with angle. This observation begs the question:Of reorientation at lower temperatures. Teteemicaleffect of
breakingone bondn a relatively long chain might not be visible

does the angle dependence of this resonance follow the BB or . ) )
the MO picture? We find that the ratio of the maximum to spectroscopically, while theghysicalchanges from the reduced

minimum optical density for this resonance is 13, approximately Melting point certainly can be. This observation is very unusual,
6.5 times larger than the ratio based on the BB model. This @ Most radiation dam?lge in NEXAFS spectroscopy is observed
result unambiguously excludes the BB model as a valid & chemical changé8® These changes are analogous to the
interpretation for this transition. On first glance, the MO model 0SS in crystallinity observed with radiation exposure in electron

does not appear to be valid either, as this would require the Crystallography measurements.
intensity of the transition to go to zero t= 90°. We will
present several reasons why the transition might not go to
zero: photon ellipticity, sample disorder, and radiation damage. Linear dichroism in the carbon 1s NEXAFS spectra of
Photon ellipticity can be excluded as the degree of linear n-hexacontane has been systematically explored. HC crystals
polarization on the EPU beamline is 100%Q/—1%). A small with lateral orientation were prepared by epitaxial growth on a
degree of disorder might be present in the as-deposited HCcleaved NaCl (001) surface.

samples. Radiation may also cause a decrease in the degree of This study shows that failure to properly resolve spectroscopic
molecular alignment. Figure 9 presents the NEXAFS spectra features with differing angle dependence will lead to an
of the oriented HC sample (from Figure @,= 0°) obtained erroneous measurement of the angle dependence of the
after a small radiation dose (0.43 eV/frand a larger radiation =~ NEXAFS spectra, and from this, an incorrect description of the
dose (2.0 eV/ni). Comparison of these spectra shows that the spectroscopic transition dipole moment. These errors are likely

4. Conclusions

optical density of the first resonance of carbon-%so*c-y to lead to an inaccurate measurement of molecular orientation
(287.63 eV)increasedwith radiation dose, while the optical based on the angle-resolved NEXAFS spectra.
density of carbon 1s> 0*c_¢ (293.5 eV) transitiordecreased The analysis of angle-resolved NEXAFS spectra indicate that

Theselinear dichroism changemdicates that the HC chains  the transition dipole moment (TDM) for the carbon-*s*c—¢
no longer have the same degree of alignment after the highertransition at 293.5 eV in linear alkanes is oriented along the
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macromolecular backbone, most closely corresponding to the

Fu and Urquhart

(24) Hu, H.; Dorset, D. LActa Crystallogr.1989 b45, 283.

molecular orbital model and explicitly excluding the building . (25) Bagus, P. S.; Weiss, K., Schertel, A.7IVG.; Braun, W.; Hellwig,

block model. However, transitions are observed in both the

0*c—c and theo* -y band that are oriented orthogonal to the
primary transitions. These transitions do not fit into the
conventional*c-y ando*c—c band descriptions.

Jung, CChem. Phys. Lettl996 248 129.

(26) Genzer, J.; Sivaniah, E.; Kramer, E. J.; Wang, J. G.; Korner, H.;
Xiang, M. L.; Char, K.; Ober, C. K.; DeKoven, B. M.; Bubeck, R. A;;
Chaudhury, M. K.; Sambasivan, S.; Fischer, D.Macromolecule2000
33, 1882.

(27) Pashley, D. WAdv. Phys.1965 14, 327.

We observe that radiation damage can be manifest as a change (28) wellinghoff, S.; Rybnikar, F.; Baer, B. Macromol. Sci—Phys.

in molecular orientation at a dose significantly below that for

the observation of conventional X-ray radiation damage in the

form of chemical bond breakage and formation.
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