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Electronic structure of the energetic material 1,3,5-triamino-2,4,6-trinitrobenzene
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Synchrotron radiation is used to study the electronic structure of the energetic material 1,3,5-triamino-2,4,6-
trinitrobenzeng TATB). Element and site-specific density of unoccupied electronic states in TATB is probed
by x-ray-absorption spectroscopy at the C, N, andK@dges. In addition to illuminating the electronic
structure of TATB, the absorption data enable the understanding of microscopic changes occurring in such
compounds due to various damage mechanisms. The absorption data are further supplemented by data from the
core-level and valence-band photoelectron spectroscopy of thin films of TATB.

[. INTRODUCTION The potential utility of the aforementioned spectroscopic
data is explained as follows. Most energetic materials consist
Energetic materials are substances that undergo exothedt molecular units containing C, N, O, and H atofriEheo-
mic chemical reaction in response to an external stimtlus.retical calculations show that the spatial arrangements and
This response takes place on time scales ranging from millisteric configurations of specific molecular units, that include
seconds to femtoseconds and leads to combustion, explosida;NG2, N-O, N-H, and C-NH, ultimately determine the
or detonation of the material depending on the time of reacPerformance of energetic materl_éi‘é.For this reason, the
tion, the energy released, and initiation proce§hese ma- synthesis of new energetic materials often involves choosing
terials are among the earliest of the man-made classes gfolecular constituents having particular atomic geometry
materials and perhaps among the most important. Their a@nd local chemlcaI. en\_nronments_ S0 as to promote the per-
plications are wide and varied, and in some cases indispen rmance of'matenal_s In the deswed d|rectr°bHo'Wever, a
able. To name a few, they are used as propellants, blasti mprehensive predictive model suitable for this purpose is

agents, pyrotechnics, gas inflators, and for military purposesitll under development. Clearly a microscopic understand-
It is then not surprising that the creation of new and safefnd of the local _Chem'cal environment of |n(_:I|V|duaI_atoms n

energetic materials that are optimally suited to their use is 5”%"’? enegggnc m%terllals clafn beh_helpful In creat!n% SUCE a
central problem in energetic materials sciefdeis the pur-  M0del- XAS is an ideal tool for this purpose as it has the

pose of this paper to probe the electronic structure of a
widely used energetic material to attribute the well-known

properties of the material to the intricacies of its fundamental
structure. Only with such an understanding at a microscopic
level can the hope of a rational synthesis of energetic mate-
rials be realized.

We have measured the electronic structure of the widely
used prototype energetic material 1,3,5-triamino-2,4,6-
trinitrobenzene(TATB) (schematically sketched in Fig.,) 1
using x-ray absorption spectroscopyAS) and core-level
and valence-band photoelectron spectroscdBPES).
XAS data are obtained at th€ edges of C, N, and O and
these data probe the unoccupied orbitals of the molecule. NH, NO,

VBPES, on the other hand, probes the occupied electronic
states and hence, together with XAS provides detailed infor- FIG. 1. Planar view of 1,3,5-triamino-2,4,6-trinitrobenzene
mation about the electronic structure of the material. (TATB).

NH, NO,

NO, NH,
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ability to select atoms of a given elemental species in a :
sample and excite their spatially localized core electrons to LA L B L R AL B B S B LA L
unoccupied electronic states. This elemental and site speci- TATB Cls XAS
ficity makes the technique a powerful probe of the bonding
between the excited atom and its neighbbFurthermore,
the information so obtained can be used in conjunction with
the VBPES to decipher both occupied and unoccupied elec-
tronic states of the species and hence, the electronic excita-
tions between the two. The latter information is valuable as it
may help to determine important properties of energetic ma-
terials such as their sensitivity, damage threshold, and re-
sponse to shock initiation. In addition, these data can provide
spectroscopic fingerprints of energetic materials, which can
be useful for noninvasive identification of even minute quan-
tities of these materials, as well as for studying the effects of
various damage mechanisresg., aging, shock, heat, radia-
tion, or chemical on these materials. To illustrate this point,
we performed a XAS study of a radiation-damaged TATB
sample. The results of this study clearly demonstrate how the ol v v v U e
comparison of the spectroscopic data from a post-damage 280 285 290 295 300
residue and a control sample makes it possible to relate the
damage mechanism to changes in individual chemical spe-
cies or bonds in the material and hence, glean important FIG. 2. C 1s absorption spectra for TATB for various angles of
information regarding its performance and limitations. incidence#, of synchrotron radiation measured with respect to the
sample surface.

Intensity (arb. units)

Photon Energy (eV)

Il. EXPERIMENT intense nonmonochromatized radiation for varying lengths of
The XAS and PES experiments were performed at thdime as described below. , ,
Stanford Synchrotron Radiation Laboratof$SRL), Stan- The VBPES data were obtained at the beamline(R&f.

ford, CA and repeated at ALS for reference energy calibral0 at the Advanced Light Source, Lawrence Berkeley Na-
tion purposessee below. Monochromatized synchrotron ra- tional Laboratory, Berkeley, CA and repeated at SSRL for
diation from the spherical grating monochromator equipped€férence energy calibration purposes. The spherical grating
beamline 8-ARef. § was used to excite TATB, which was monochromator was ppe_rated to del_lver radiation of energy
deposited by thermal evaporation on a Si wafer. TATB wad'?=240€V to photoionize TATB films prepared as ex-
commercially available and had a purity of 98%. The gjPlained above. The resu_ltmg_ photqelectrons from the sample
wafer was flashed prior to the deposition and XAS was used/€re collected by an ellipsoidal-mirror analyzer operated in
to make certain there were no C, N, or O containing residue&" angle-integrated mode to yield photoelectron intensity as
on the wafer. The thickness of evaporated TATB films was? function of kinetic energy: The combined energy resolu-
estimated to be a few 1000 A. X-ray photoabsorption wadion of the monochromator and the analyzer wag
measured as a function of the excitation energy in the vicin=>200 meV. The Fermi energy position was determined from
ity of the K edges of C, N, and O by monitoring total- the Ta metal cl_lps in contact Wlth_ the sam_ple. Since _the in-
electron-yield in the relevant energy raﬁgmith a mono- Ccident .photon_lr)te_nsny is very high at this source, it was
chromator energy resolution afE~150 meV. Core-level e_ssganual to minimize the exposure of the sample to the ra-
photoelectrons from the sample were collected by a cylindridiation to prevent damage.

cal mirror analyzer operated in an angle-integrated mode to

yield photoelectron intensity as a function of kinetic energy. Ill. RESULTS AND DISCUSSION

Chemical changes in TATB molecules induced by evapora-
tion were discounted by comparison of XAS spectra for the
thin films with those for TATB powder. Measurements were  Figure 2 shows C 4 spectra measured as a function of the
also taken for several angles of incidence of the excitingncidence angle in the energy range 280—300 eV. All spectra
radiation to decipher any angular dependence in the spectteve been normalized to the same edge jump by equalizing
and thus any implicit structural order in the deposited films.baselines below the edge, then equalizing intensities well
The measurements were also repeated as a function of tinebove the edge by a multiplicative factothe prominent

to discount any radiation-induced damage of the sample. Thieatures in these spectra are the peaks at 286.8 and 288.3 eV.
energy of the synchrotron radiation was calibrated by deterThese correspond to transitions from the €cbre level to
mining energy positions of known spectral features in thethe unoccupieds* orbitals of the TATB molecule. The fea-
simultaneously recorded x-ray absorption spectra of highlyures relate to two distinct environments of C atoms in the
ordered pyrolytic graphité BN, and SiQ (Ref. 9 at theK  molecule, namely, the aromatic C atoms attached to the,-NH
edges of C, N, and O, respectively. In addition, we probedand -NG moieties. The strongly polarized -N@gand with-

the radiation-induced damage of TATB molecular films bydraws mobiler electrons from the ringro—c system, which
performing similar measurements on a thin film exposed tawould normally result in a strong chemical shift to higher

A. C 1s absorption spectra
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TABLE |. Summary of x-ray absorption peak energies and

bonding assignments for TATB. L L L L I R LR L IR
7 TATB N1s XAS
Peak energy
Absorption edge (eV) Bond assignment
C K edge 285.2 C-H
286.8 C-NQ z
288.3 C-NH 5
289.6 C-O0 —g
N K edge 398.0 N-H g s 45—
402.5 N-O 'z
O K edge 530.3 O-N ig
537.7 o-C = 8 60°
75°
photon energies for the C sIC-NO)—mg_¢ 2 ' 90°
transition®*?~*However, in a TATB molecule this picture
is radically altered by the presence of -Nsubstitutes in the Tl e PR UOU N WOV RO VR MR e =
ring. Although also electronegative, the N atom in the ,NH 395 400 405 410 415
ligand is basic, i.e., an electron pair donor, and it tends to Photon Energy (€V)
share its lone pair of electrons with the electron-deficient
ring and acquire a positive chargeAs a result, the contri- FIG. 3. N 1s absorption spectra for TATB for various angles of

bution to the C $(C-NO,) chemical shift arising from incidenced, of synchrotron radiation measured with respect to the
strong polarization of the -NOsubstituent is effectively ne- sample surface.

gated. On the other hand, the @G (IC-NH,) — 7§ _ transi-

tion is shifted to higher photon energies due to the reducegerfect cleavage plane exhibited by triclinic TATB crystals
negative charge around C atoms bonded to yMjrbups. and its pleochroic properties, as well as the results of crystal
Note that in TATB each -N@group can effectively attract at  structure calculation$!’ Specifically, calculations with
most two electrons from the ring, which is the same as théarger basis sets and gradient corrected density-functional
number of electrons available to the ring from the -NH theory(DFT) indicate that TATB is very nearly planér.

group. Based on this simple picture, the low-energy feature There are additional features in the above spectra worth
at 286.8 eV can be attributed to excitations localized on théoting. Some of these features, e.g., the peak at 285.2 eV,
C atoms attached to -NQyroups, and the high-energy fea- show no angular dependence and they probably arise due to
ture at 288.3 eV to those occurring on C atoms attached tocarbon-based impurities present in our sample. The peak at
NH, groups. These results are summarized in Table I. Thug89.6 €V shows minimal polarization dependence and may
we see that the details of Gsbsorption spectra provide an Pbe associated with C-O impurities. However, it is difficult to
insight into the donor-acceptor electronic interactions beinterpret their origins solely based on qualitative arguments.
tween the -NH and -NG, groups through their influence on A detailed interpretation of these features will require a so-
the C 2p contributions to ther* orbitals. It is interesting to  Phisticated theoretical treatment taking into account the mul-

note that the & (C-NO,)— m_. transition in TATB occurs ticonfigurational states of the molecule, the effect of core-
approximately at the same photon energy as the < 1 hole localization, and the solid-state effects such as the

(C-NHy)— 7% . transition in GHgNH,.6 On the other Strong intermolecular hydrogen bondify. For this reason,

hand. th -NH % transition enerav for TATB W€ have chosen to focus our attention here, and in subse-
and, the C §(C-NHp) - mc_ transition energy fo quent absorption spectra, only on the strongest and bond or-

is higher than for the same transition ipHNH,. ™ These der significant spectral features. Finally, we also neglect the

observations are consistent with the qualitative arguments_ > . . . . e
: continuum region at high energies. This energy region is
outlined above.

. . . dominated by broad overlapping® resonances correspond-
Flgur((ej 2 alsdo STOWS lthat t?he mter:snyf(:;‘] th_%=9dre§c: ing to various bonds of the core-excited atom in the TATB
nances depenas strongly on the angie ot the inci & molecule, which makes any qualitative gleaning of informa-
the exciting radiation with respect to the sample plane. Th

¢ ¢ ; incid ddi Sion difficult. Moreover, in contrast to ther* resonances,
resonances are strong at a grazing x-ray Incidence and dimiGien can serve as the fingerprint of the local bonding envi-

ish as the incidence tends to norm_aI: Owing 1o the I'n.earlyronment,a* states can contain contributions from photoelec-
polarized nature of synchrotron radiation and the experimeng

tal arrangement used in this paper, this observation points ron scattering processes involving distant neighbors result-
an ordering of TATB molecules on the substratéthe six- t]?]g in loss of correlation with local bondirty.

membered rings of carbon atoms all lie flat on the surface
with their 77* orbitals oriented along the surface normal, an
enhancement in resonant behavior would be observed when Figure 3 shows N & spectra measured as a function of
the exciting electric field vector has a large projection alonghe incidence angle in the energy range 394—-419 eV. The
the direction of #* orbitals, i.e., at grazing angles of spectra show two prominent peaks at 398.0 and 402.5 eV.
incidence’ This observation is consistent with the nearly For the assignment of these peaks we note that the,-NO

B. N 1s absorption spectra
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TATB Ols XAS
8 _
15°

group in TATB has an unoccupiegy, orbital. For this rea-

son the N B(C-NO,)— 7y transition is expected to be

quite intense since both the initial and the final states in- 6
volved in the transition lie in the same spatial region. Hence,
we attribute the high-energy peak to N @C-NO,) — 7o
excitations. The origin of the low-energy feature, however, is
less obvious. Unlike the -NO the -NH, group has essen-
tially a saturated character, which should give rise only to a
weak Rydberg structure in this energy region. This is in fact
the behavior exhibited by compounds such ask, (Ref.

18) and GHsNH,.® However, calculations for x-ray absorp-
tion spectra of disubstituted nitroanilines indicate that the
me_c and g orbitals in a TATB molecule are sufficiently 2
delocalized to have a nonzero amplitude over the ;NH

group!® This makes possible the transitions from N 1

(C-NH,) core level to mixedw§_/ 75 States® We at- -
tribute the low-energy peak at 398.0 eV to these phenomena sl
as summarized in Table I. Note that this peak has larger full 525 530 535 540 545 550 555
width at half maximum than the Ns(C-NO,) — 7, fea-
ture, which probably is a reflection of the mixing of orbitals.
Overlapping orbitals may also be the cause of the broadening _ _
of the 1s(C-NO,)— w§_c peak discussed above. Further _ZIG' 4 Of]sabsgrptlon spg_ctr_a for TATB fgr V?‘QOUS angles Or:
evidence supporting this assignment comes from the bongacr'n ﬁzc:f;fgcesync rotron radiation measured with respect to the
order calculations of Cadst al, that give a value of 1.46 for P '

the carbon-nitrogen bond for the amine grqupcontrast to
1.02 for the nitro group'’ Also of interest here is the 4.5 eV
energy separation between the two transitions. This co
pares with a 6.0 eV difference in NsIC-NO,) and N 1s
(C-NH,) binding energies obtained from our photoemission D. Radiation damage

measurements. Previous x-ray photoemission spectroscopy Figure 5 compares the Nsx-ray absorption spectrum for
(XP9) studies of TATB(Refs. 19 and 2Dyield a 5.6 eV 3 freshly prepared film of TATB moleculgbottom curve
energy separation in good agreement with our measureyith those for a TATB film exposed to varying doses of
ments. However, the discrepancy of 1.5 eV highlights anradiation (white light from the bend magnet beamline at

other important feature related to the donor-acceptor naturgsRL). Data were obtained after irradiation of the sample for
of the TATB molecule. Owing to differences in charge dis-

tributions a N 1s core hole belonging to the -NHmoiety T T e e
(donop is shielded differently from the excited electron as TATB N1s XAS
comparedd a N 1s core hole on the -N©moiety (acceptoy. 5 M
This produces a site-dependent shift in the respective final = o N
statesF,) of excitation, WhicF;] then must be added ts the initial- Intensely irradiated TATB
state shift due to chemical bonding to determine transition
energies:?1?2The magnitudes of these two contributions to
observed transition energies cannot be decoupled experimen-
tally and can be estimated only by theoretical means. Finally,
we note that the N 4 absorption spectra show similar angu-
lar dependence as observed in the €absorption spectra,
indicating again the flat and oriented nature of TATB mol-
ecules on the substrate, including the nitrogen containing
moieties, as predicted by recent theoretical calculatfons.

Intensity (arb. units)

Photon Energy (eV)

core-level bonding energy of 531.6 eV in agreement with
previous XPS studies of TATE20

3 -
Moderately irradiated TATB

Intensity (arb. units)

C. O 1s absorption spectra !

Figure 4 shows the Oslabsorption spectra in the energy TATB
range 520555 eV. The strong peak at 530.3 eV corresponds ol L b b b
to the O Is— myg orbitals. The broad feature with peak 395 400 405 410 415
energy at 537.7 eV is due & orbitals and exhibits minimal Photon Energy (eV)
polarization dependence. These results are summarized in
Table I. As in the case of the Csland N 1s absorption FIG. 5. N 1s absorption spectra for TATB; bottom—A fresh
spectra, these spectra also reflect an ordered arrangementt®TB film; middle—TATB film exposed to moderate dose of ra-
TATB molecules in the sample and testify to their planardiation for 5 min; top—TATB film exposed to intense dose of ra-
nature? Our photoemission measurements yield an © 1 diation for 5 min.




15670 S. KAKAR et al. PRB 62

R B UL B UL VI I B the Fermi energy ). The observed spectral features cor-
TATB Valence Band PES respond to the highest occupied molecular orbitg-
- MQO'’s) of TATB, which include molecular orbitals on the
aromatic ring, molecular orbitals on the lone pairs of the
amino nitrogens, and molecular orbitals on the Nffoups.
There are 96 valence electrons in a TATB molecule and as a
- result, the assignment of spectral features in the valence-
band photoelectron spectrum to specific bond/moiety in the
molecule is a nontrivial task*?* Clearly the observed fea-
tures consist of many overlapping orbitals, which precludes
o |- - such an assignment. However, Kunz has useéhitio meth-
ods to calculate the total density of electronic stdf2©9
for solid TATB,! which can be directly compared with our
data. For this purpose, we have modified the theoretical DOS
by convoluting it with Gaussian peaks of widthl.6 eV to
account for experimental and solid-state broadening. Further-
more, the theoretical results are shifted by 1.6 eV to lower
binding energy for the best match with experimental results;
the determination of the exact position of zero on the energy
o scale is difficult theoretically due to potential inadequacies in
Binding Energy (eV) models. The results of this procedure, presented in the top
section of Fig. 6, show an excellent qualitative agreement
FIG. 6. Comparison of calculated DARef. 1) and experimen-  with experimental data. The calculated DOS reproduces both
tal valence-band photoemission spectrum for TATB fla  the shape and the sequence of observed spectral features. The
=240eV. differences in relative intensities of various features, such as
those at 7.4, 14.9, and 24.3 eV, probably arise from the
5 min with moderately intense radiatidoa. 13°photons/s, modulating effect of the dipole matrix elementMinor dis-
middle curve and for 5 min. with very intense radiation crepancies are also observed for the energy separation be-
(~10*photons/s, top curye There are clear trends ob- tween some of the peaks; these can be attributed to various
served in these spectra, which allow an unambiguous decipproximations made in the theoretical treatment, e.g., the
phering of the response of the TATB molecule to radiation.neglect of correlation effects.
As illustrated, the molecule is able to withstand a moderate
irradiation as no appreciable change in absorption is ob- S
served after such an event. Heavy dosage, on the other hand, F. Estimation of the band gap
significantly alters the absorption of the sample. Whereas the The donor-acceptor nature of a TATB molecule indicates
intensity of the transitions originating from -NHemains  that in its neutral state the molecule has its HOMO localized
unaltered, the N 4(C-NO,) — 7y transition undergoes se- on the six-membered ring and the -Mgroup(donop, while
vere attenuation. This effect is also observed in thes@rdd  the lowest unoccupied molecular orbitdlUMO) is local-
O 1s spectra(not shown, where the C (C-NO,)—wg_  ized on the -N@ group (acceptoy. Also, as a first approxi-
and O k— g transitions exhibit a corresponding deple- mation, the HOMO-LUMO gap or band gap must be in the
tion of strength. These observations imply a change in théange of 4.9-7.2 eV, the energy gaps for benzene @nd
molecular composition. Specifically, the response of thenitroaniline, respectively. The energy position of the N 1
TATB molecule to an intense radiation stimulus is to eject(C-NO,)— 7o transition can be used to determine the
the -NQ, substituent from the ring. This is consistent with LUMO energy in thecore-excitedmolecule. This is the en-
the observation that the loss of the nitro group N@ the  ergy position of the transition minus the N (C-NO,) ion-
primary event in the initial stages of TATB decompositidn. ization potential (404.6 eV} for TATB measured using
Another manifestation of this effect is the broadening of theXPS}® and is equal to-2.1 eV. This number can be used to
peak corresponding to the Ns{C-NH,) — ¥y transition;  estimate the LUMO energy in theeutral molecule by con-
due to the partial loss of the -N@roups from the molecule, sidering the effect of the N d(C-NO,) core hole on the
the three -NH sites are no longer equivalent. These obserunoccupied molecular orbitals. Upon core-hole creation, the
vations clearly bring forth the utility of core-level spectros- LUMO is pulled down in energy due to Coulombic attraction
copy as an analytical tool for determining bonding andexerted by the core hole. The magnitude of this effect is
chemical changes in energetic materials due to aging or othélirectly related to the changes in the electron distribution as
damage mechanisms. electrons from everywhere on the ring are pulled to the ion-
ized atom to screen the core hole; it must be determined in
order to obtain the LUMO energy for the neutral molecule.
This is a nontrivial task amenable only to sophisticated the-
Figure 6 shows the valence-band photoelectron spectrummretical treatments. Though no such treatment exists for
for TATB at incident photon energy equal to 240.0 eV. TheTATB, it is possible to find the corresponding results for a
data are shown subsequent to background subtrd¢tiomd  similar moleculep-nitroaniline (HN-CgHs-NO, with -NO,
the position of the valence-band maximum is 5.8 eV belowand -NH, groups located diametrically opposite to each other

4 f—
hv=240eV

|~ Calculated DOS

Intensity (arb. units)

Experiment

40 30 20 10 0

E. Valence-band photoelectron spectrum
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on the phenyl ring?® Freundet al. have calculated the effect energetic materials of a diverse kind. The database so created
of core-hole screening in Nsl(C-NO,) photoionization ofp  will help in discerning trends that can provide a much-
nitroaniline and found that in this case, the LUMO is pulled needed basis for theoretical understanding of energetic ma-
down in energy by 6.7 eV while the HOMO is only pulled terials at a microscopic level. In the same vein, we have
down 3.8 eV thus decreasing the HOMO-LUMO energy gapobtained valence-band photoemission data for TATB and
from 7.1 eV for the neutral molecule to 4.3 eV for the N 1 have used them in conjunction with the XAS data to arrive at
(NO,) molecule, a difference of 2.8 eV. We use these num-an estimate of 6.6 eV for the band gap of TATB. Moreover,
bers as an estimate of the core-hole-electron excitation iwe have compared these results with the resultshoinitio
TATB to arrive at the LUMO energy of 4.6 eV in the neutral calculations of the total density of occupied and unoccupied
molecule. Applying the same formalism to the HOMO en-electronic states and total-energy CASSCF calculations for
ergy (—5.8 eV from Fig. 6 determined from VBPES, we the band gap of solid TATB. The agreement obtained is en-
arrive at the HOMO energy of-2.0 eV in the neutral mol- couraging and should motivate similar theoretical efforts for
ecule. Therefore, the band or the HOMO-LUMO energy gapother energetic materials.

can be estimated to be 6.6 eV in neutral TATB. This is in  Finally, the results of this paper also bear relevance to
comparison to the complete active space multiconfiguratiompplied materials science. The spectroscopic fingerprints,
self-consistent fieldfCASSCRH calculations by Wiet al.that ~ such as those found in this paper, provide means to track
yield a band-gap range of 4.6 eV to 5.7 8\in view of the ~ chemical changes in energetic materials on exposure to vari-
qualitative and approximate approach adopted here, this is@us external stimuli. As an example, this paper demonstrates

rather satisfactory result. that exposures of TATB to intense radiation, lead to the ejec-
tion of -NO, groups from the TATB molecule, thereby seri-
V. CONCLUSIONS ously impairing its performance as an energetic material.

Such information can be of paramount importance in the

C, N, and OK-edge photoabsorption data were obtainedsynthesis and characterization of new energetic materials.
for the energetic material TATB. These data probe the

chemical bonding environment in the molecule with site
specificity, and exhibit features that can be correlated to -
NH, and -NG ligands of the molecule. The results illumi-
nate the important role of intramolecular charge transfer in  We would like to thank the SSRL and ALS staff for their
determining the electronic structure of donor-acceptor molassistance during these experiments. Work was supported by
ecules such as TATB. The net transfer of negative chargéhe Director, Office of Energy Research, Office of Basic En-
from the basic -NH group to the highly electronegative - ergy Sciences, and was performed under the auspices of the
NO, group in the TATB molecule dramatically affects the U.S. Department of Energy by University of California,
assignment of transitions in the absorption spectra throughawrence Livermore National Laboratory, under Contract
changes in the core-level binding energies of C and N atomd\o. W-7405-ENG-48. This work was conducted at the Stan-
We also find observed spectral features to vary with thdord Synchrotron Radiation Laboratory and the Advanced
angle of incidence of the polarized exciting radiation; thisLight Source at Lawrence Berkeley National Laboratory,
indicates an ordered growth mechanism wherein the TATBwvhich are supported by the U.S. Department of Energy under
molecules arrange themselves coplanar with the orientatioGontract Nos. DE-AC03-76SF00515 and DE-ACO03-
of the surface. We aim to further use this technique to study6SF00098, respectively.
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