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' THE SURFACE. STRUCTURES OF PHTHALOCYANINL MONOLAYERS AND
_'VAPOR GRONN FILMS A LOW- ENERGY ELECTRON- DIFFRACTION
STuUDY
J. C;7Buchholz and G. A. Somorjai” |
Mo]ecu]ar Mater1als Research Division, Lawrence Berke]ey Laboratory, and '

Department of Chemistry, .University of Ca]1forn1a,
~ Berkeley, California 94720

Abstract

Monolayer structures and epitaxial growth of vapor-depos1ted cry-
sta111ne\phtha10cyan1ne f1]ms on s1ng]e-crysta] copper substrates were
studied using 1owQenergyde1ectron diffraction. ,AtAmono]ayer cOVerage,
ordered layers of COpper;, iron—'and metalefree phtha]ocyanines were
observed on both»Cu(loo) and cu(111)»' With increasinq'filmtthickness,
‘ordered’ multilayer structures of these phthalocyan1nes were also seen‘
on both substrates at 300K surface temperature. ATl three phtha]ocyan1nes
had 1dent1ca1 mono]ayer and mu]t11ayer surface structures on Cu(lOO)
On the Cu(]l]) substrate, the three phtha]ocyan1nes exh1b1ted.s1lght1y
"different 5urface:structures indicating the.importance‘Of:the'centra]
metal atom in the interaCtion with the substrate that influences the
monolayer surface structure and the ordering dur1ng crysta] growth. The
multi- 1ayer crysta]llne films did- not have surface structures character—:a
' ;1st1cvof the bu]k:crystal structure but rather had'a surface un1t mesh -
COmpatib]e‘with a single mb]ecule per untt mesh -oriented parallel to the
surface._ Electron beam damage and space charge effects were absent for

film thlcknesses up to 500-1000 A



Introduction

In recént years, low-energy e1ectr6n diffraction (LEED)vhaé.been
deVelobed into a very important techniqué for determining surface atomic
geometries of metals and inorgénic semiconductors;] Studies of the‘
StruCtura]'broberties of the surfaces of drganic crystais have been
Targély neg]eéted. In fhis paper we report the'application of lTow-energy
.electron diffraction to the study of the surface structure of several -
phthalocyanine crystals. |

Mqhy‘organi; systems whose.éurfaCe structures would be'of.particular
interest are Composed of molecules of high mo]ecu]ar weight and thus-]ow:
'vaporzpreSSure making them Suitab]e'fpr study under vacuum conditions at
room temperaturé. These systems include sdbstances;whﬁch exhibit unique
sﬁrface'StrUCture and activity Sucﬁ as po]ymers, porphyrins and biochemi-
.calAmembranes; Although crysta]s of many of these organic so]ids can be.-w
grown from solution, the difficulties associated with removal of the sol-
vehts and transfer to the uTtra-high vacuum conditioﬁs required for‘sur_
face studies érg-Severe, _Ihstead, we have choéen tb work Qith molecules
" that can be sub]fﬁed under vacuumvcdnditiong. Crystailine films wgre_-‘

" prepared by epitaxial growth ubon condénSatioﬁ frbh‘the vapor_Ontd-Sing1e
cryStq1 surfaces. | |

The study of molecular solids presents several spécfal.difficuifies
when low energy electrons are Qsed as experimental.probes. These so1fds 
are electrical .insulators a]thouéh some (1ike Phthalocyanines) have
| sufficient cdnductivity at 300K to be C1a$sified as orgahic semiconductqrs.‘
Thdsvthere can be a build-up of surface spacé-charge under electron

bombardment. Furthermore, electron bombardment can stimulate Chgmical
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changes in the molecules. Despite_these difficu]tjes.}Tou;energy e]ectron'.‘
dfffraction has been successfully used to determine the surfacevstructure
of ice and naphthalene'crysta]s epitaxially grewn from the vapor on a
Pt(111) substrate.z. The molecular crystals in these stud1es uere grown
at low temperature (~150K) because of the high vapor pressure of these
materia]s. If the thickness of the crystal was maintained below ~1000 R,
- no . difficulty with space-charge build-up wasfexperienced. Electron beam
'damage to these materia]s,‘although present, was not so Severe as to pro-
hibit LEED measurements., |
‘In this paper LEED measurements of the surface structure_of_Cu-,
Fe-.and metai-free phthalocyanines are reported.. EbitaXia]]y grown'.
crysta]line_fi]ms of these materia}s’were successfully grown on Cu(111)
uand Cu(100) substrate surfaces. A1l three phtha10cyanines were found'to
yield ordered monblayers on both copper surfaces in the early stages of
- deposition. The initial layers formed on Cu(111) were similar but not
identical for the different phthalocyanfnes indicating”the influence of
the centra] metal atom in the initial bonding to the metal substrate.
Cont1nued depOSltlon produced a crystalline film cons1st1ng of oriented
crysta]]Ites with surface planes inclined to the surface plane of the
substrate. Th1s growth plane was found to. be 1dent1ca1 for the d1fferent
phthalocyan1ne mo]ecules but different from that expected for bu]k phtha]o—
cyan1ne crysta]s The or1entat1on of the crysta111tes with respect to
~‘the substrate, that is, the exp1taxy, d1ffered for the different mo]ecu]es l
showing the effect on the growth hab1t of the central metal atom bond\ng

to the substrate in the monolayer.
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‘On the "Cu(100) substrate, all three phthalocyanines studied exmibit'
the same surface structure for both a monolayer and a .muTti]ayer,deposit.
“Although the phthalocyanine surface structure was similar to that found’
tor a multilayer deposit on Cu(111), the surface plane was oriented
baralle] to the substrate surface,‘ |
| Surface space-charge effects and electron beam damage were negligible
during studies of these phthalocyanines. |

Experimental Procedures

The phthalocyanine molecule is planar with a molecular structure as
shown in Fig. 1. The molecules studied haveH2 (metal-free), copper or
iron in the'centra1 position, M. Phtha]ocyaninesdepositedfrum the vapor
genera11y'grow as one of two po]ymorphic forms depending on ‘deposition
conditions.3 The structure of the stable g form of Cu-phthalotyanine_is
i]]ustrated in Fig. 2. The crystal structure parameters 6f the phthalo-
cyanines studied here are summarized in Table I.

The deposition and observation of the phtha]ocyanine films were
carried out under ultra-high vacuum (UHV) conditions. The apparatus,.
shown schematically tn.Figo 3, consists of a commercial, ion pumped LEED-
Auger system with a base pressure of about'leo']0 Torr. A quadrupole mass
'spectrometer and a sublimation source for production of a phthalocyanfne
beam were added to the basic system.  The phthalocyanlnes were commercial
: powders5 used w1thout further purification with the exception of an initial -
_degass1ng in the UHV chamber for about one hour at ~500K. After this
treatment, ‘there is no increase in the system tota] pressure recorded by
an ion gauge,]ocated out of line-of-sight of the sub11matmn when the

‘sublimator is operating. The mass spectrum for meta]-freeVphtha]ocyanine,



'obtained‘with the quadrupole mass spectrometer in line-of-sight of the

sublimator, is _
shown in Fig. 4; A]though the mass range of the quadrupole mass spettro-
meter does not allow the observation of the dohfnant parent ion peak in
the mass spectrum, the ' - fragments observed at 1ower'ﬁa$§es'aré in
general agreement With the previously reported mass spectrum for metal-
free phthalocyanine,6 The constaht ion gauge.preésure‘ihdicates that the
low mass speaks;.hot shown in thé pub]ished,spectra,varé also fragmentation
products where not accoUnied for by the system background spectrum;

| Atvsub]imation'tempgratures from 550-650K,'depositiqnvrates of from
1-10 1ayer$/minute could_be prbduced as judged by the rate of appearance
énd diSappearance.of the LEED pattern characteristit of_mqno]ayer cover-

age. ‘The:ferm mono]ayer'refers to a single closely packed layer’whiCh,

because of the large size of the phthalocyanine molecule, corresponds. to

‘about one molecule for every 30 éopper atoms. The coverage is related to

ah incident’flux'by assuming a sticking probability of the phtha]ocyaniné:
mdlecule on both clean copper and on previously deposited phtha]ocyaniﬁé '
of unify. This is justified since the effective beam pressure at the |
crysta1 (]0'9-10'8 Tbrr) is much higher tﬁan the room temperature vapor
preésqre of the_phtha]ocyanines (..10"14 Torr). )

The substrates Qsed were the (100) and (111) faceé of'coppef. Theée

surfaces were cut from single trysta] rods and polished to within 1/2° of

- the specified orientation using standard metal]ographic'techniques. Clean’

~ surfaces weke produced in the UHV chamber by cycles of argon ion bambard—

ment followed by annealing to 700K. A surface free of impurities,

primarily sulfur and carbon, could be produced in this way, as demonstrated
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by Auger spectroscopy. The LEED pattern after this cleaning treatment was
also characteristic of.a clean, well-ordered copper sUrface.7
Resul ts

The surface structure of the'deposited phthalocyanine layer was
obtained from the observed LEED pattern. The thickness of the phthalocyanine
film was estimated by using the rate of deposition determined by the time
required to obtain the diffraction pattern characteristic of a single layer
of phthalocyanine molecules. The deposition rate can also be estimated by
observing the rate of-disapbearance of the copper substrate diffraction
beams. From estimates of the mean free path of a low-energy electron (15~
200eV) beforevbeing inelastically scattered,8'the rate of change of film
thickness can be determined. -Uncertainties in the determination of single
‘Tayer coverage as in the electron mean free path result in an estimated
uncertainty in the film thickness of about *50% by.both techniques. The
‘only significant structural changes as a function of film thickness took
place within the first few layers of the substrate surface, however, SO
that the multilayer film limit was reached rather quickly. The results
stated for multilayer films are thus independent ¢f film thickness for
films up to 500~1000 R thick, at which point the deposition was discontinued.

The phfha1ocyanine‘mo1ecule was largely ihmunevto damage by thé
vincident eletron beam both in the monolayer structure and in the multi-
layer film, The diffraction pattern was stable for periods of several
hours under the LEED beam (15-200eV, ~1uA/mm2) and ~30 minutes in a beam
for Auger spectroscopy (1oooév, ~5pA/mm2). |

Surface space-charge did not interfere with the LEED experiment

a1though diffraction patterns were not detectable from a multilayer



bphthalccyAnine film for incident beam energies greater fhan 25eV.. -AbOVQ §
* this energy, there existed only a diffuse background, probably.dué'tO'spaCe:
charge effects. Sharp diffraction beams appeared when the energy was
~again lowered indicating no permanent damage to the phtha1ocyanine.]ayef.
| Deposition on a Cu(]OO).SUbstrate |
.The diffraction pattern obsefved for apbroXimately hono]ayer coverage

of Cu-phthaloéyanine on Cu(100) is shown in Fig. 5.1 This LEED'patternfis
due to diffraction from domains, related to one another by the substrate
symmetry e]éments, of a surface structure with a surface unit mesh as
indicated in Fig. 6a. Knowledge of the unit mesh, determined from tﬁe :
LEED péttern, d0es notldgtérmine'thé bdsition of the mb1ecu1e'on‘thé o
. sdrfa¢e hdwever. Such a deterMinatioﬁ would requike analysis of the
diffraction beam intensitiesAwhich is not yet feasible fdr mq]ecules'asﬁ.f-
iarge as phthalocyanine. From the size and shépe of the unit»meshlcompared
"  to that of'the molecules, the drientatidn of the molecule 6n'the surface
can often be inferred, Figufe 6b éhows fhe,siie bf’the_moiecu]e relative
to'the surface'uhit.mésh. If is apparent that the unit mesh is consistent
with.a_étfucturé in whfcﬁ the molecules lie bara11e1 to‘the sufoCe in a‘ 
near c]dse-packéd configuration with ohe molecule per unit mésh{‘

For increased fiim thickness, the observed diffraction batterh is as
shown in Fig, 7. This pattern is seen for film thiCknesseé from $evéra]
1ayérs to the maximu@ observed thickness (~1000 R)._ The two-dimens ional
» Unitrmesh-responsible for this pattern is the same as’shown ih Fig; 6.
Oﬁly the beam intensities have changed due to c0ntributf0n$ to the
'difffacted intensity'from layers beneath the surféce which now cqnsisf of -

phthalocyanine molecules rather than copper_atoms; 'The surface unit mesh
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thus st111 contains a s1ng]e molecule oriented paralle] to the exposed
surface . p]ane which 1s also para]lel to the substrate surface. This ex-

posed surface plane does nat correspond to a p]ane in the'bu1k crystal ""v

structures of phthalocyanine shown in Fig. 2 and Table I. The deposited

film has either a d1fferent bulk crysta] structure than those prev1ously
reported or has a surface wh1ch is rearranged from 1ts bulk structure.

The same structures are seen for Fe- and metal-free phtha]ocyan1ne as well.
| The‘initial adsorbed layer'is known to p]ay an important role in_'

determining epitaxy in f'i]m.growth.2

Several further-experiments can be
carried out to study”thé interaction of the initial layer_with the sub-
dstrate; -Iflthe phthalocyanine film is therma11y desOrbed_from the S”b;t

' strate; the molecule remains intact, as observed'with the mass Spectroev
meter; with the exception of the first ]ayer, .Molecules adsorbed direct1y
on'the substrate are not removed but at higher temperature'( 750K) de~
compose with a loss of n1trogen on the surface, as 1nd1cated by Auger
spectroscopy. The molecules in the mono]ayer are thus. strong]y bonded to
the substrate compared to the weaker 1ntermo]ecu]ar bonding in the
phtha]ocyan1ne crystals. ' -

The effect of the centra] metal atom on the phtha]ocyan1ne-copper
substrate bond1ng was stud1ed by repeat1ng the above exper1ments for Fe-.
and meta)-free phtha]ocyan1nes. For .deposition on_Cu(lOO), all the-resu]ts'
were identical to those_for'Cu-phtha10cyanihe, includihg the thermal"
'desorption resu]ts. This indicates that the dominant bondingeto the Cu(lOQ)
 substrate is through the phthalocyanine Iigand rather than the Cehtral

metal atom of the phthalocyanine.



DeoOSition on a Cu(111) Substrate

The LEED pattern‘observed at approkiﬁate]y mono]ayer:coverage_of'..
_ VCu-phthaTocyaninevon Cu(111) is shown in Fig;v8. -The.sOrféce'structure
responswb]e for th1s d1ffract1on pattern conslsts of doma1ns, re]ated to
one another by the substrate symmetry, character1zed by the unit mesh
shown in Fig. 9a, Again, superimposing the mo]ecule on this unit mesh,
as shown in Fig, 9b;-suggests a structure with a single molecule per unft
~ mesh oriented parallel to-the surface. The~1ocation of the molecu]e is
not known since complete surface struoture analysis}has'not been_performed
| for this structore; The oosition shown‘in Fig; 9b isionly one possib]e
:conf1gurat1on of . the adsorbed molecu]e. | |

“With increasing th1ckness of the phtha1ocyan1ne f11m a second sur-
face structure develops. The d1ffract10n pattern from this structore,'
shown in Fig,‘TOa, is seen superimposed on the previous, monolayer diffraction
pattern. 'This'indicates a very thin 1ayer with this new structure since
the mean free path of e]ectrons with these energ1es, thus the penetrat\on

8 It is 11ke]y that the second 1ayert

depth, is only on the order of 10 A
of phthalocyan1ne_depos1ted on the surface already has th1s_structure
charecterized_hy'the unit mesh shown in Eig; 10b; This square mesh is
simiiar to that seen for'a multi-layer deoosit of Cu-phthaTocyanine on
Cu(100) shown in Fiq.‘7; The structure of this second layer depos1t is
thus determ1ned by packing within the phtha]ocyan1ne 1ayer rather than by

v direct interaction with the substrate. The exposed surface plane remains

] pdrdiTelzto the substrate at this point during deposition as indicated by
“the presence of a single specular ref]ectfon ((OQ)'beam) in the diffraction

pattern,
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For increased fi]h thickness (~500 R), the LEED pattern is that shown
in Fig, 1la. - The unit mesh of the exposéd surfaée p]ané is still square
but the exposed surface is now inclined to the substrate surface resulting
in extra specu]ér reflections ((00) beams) as ihdicated in Fig. 11b. These
specular reflections arise'from crystallite surfaces inclined by an angle
of abbut 12° to the substrate surfaée. The six specular reflections seen
in Fig. 11a indicate crystallites re]ated by the three-fold rotational

~symmetry of the Cu(111) surface and a vertical mirror plane.

The variation of the surface structure with substitutions for the
central metal atom in the phthalocyanine is shown by the diffraction
patterns in Fig. 11. The behavior of all the phthalocyanines studied is -
qualitatively similar, that is, an ordered single-layer structure is
initially formed fd]]owed by abmulti]ayer structure Qith a surface plane
inc]ihed to the substrate. The monolayer structure unit mesh varies de-
pending on the central metal atom as indicated in Table II. This variation,
not observed for a Cu(100) substrate, indicates the contribution of the
central metal atom to the bonding of the phtha]ocyanine monolayer to the
Cu(111) substrate.

The surface»structures of the multilayer films are identical fqr the
various phthalocyanines on the Cu(111) substrate. Thus. the multilayer
deposits exhibit the tendency‘of the phthalocyanines t0 develop nearly
identical crystal structures regardless of the identify of the central
metal atoms. However, the orientation of the crystallites, that is, the
expitaxy, varies due to the structural differences in the hdnolayer. Fe-
phtha]ocyanine; like Cu-phthalocyanine, reflects the three-fold rotational

symmetry and mirror plane of the substrate in the crystallite orientation.
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The exact angles between the substrate and crysta111te axes, 11sted in
Table II, are different than those for Cu-phthalocyan1ne however._ For
metal-free phthalocyanine the diffraction pattern, Fig. 11c, shows six-
' fo]d rotational symmetry in the_position of the multilayer deposit
'specu1ar reflections. The central metal atom thus plays a significant
role in determining thevorientation'of the bhthe]ocyanine mo]ecuie-with
respect to the substrate. This will be considered further in the next
section, |

Thermal desorption results again indicate that the first-]éyer
phthalocyanine molecules ere strongly bound since decomposition takes piece
before desorption. This is true for all three'phthalocyanines studied |
indicating that the dominant bonding to the‘meta] substrate is through the
phthalocyahine 1i§and rather than the central metal atom. |
Deposition on a Pt(111) Substrate

The deposition of Ce-phthalocyanine was‘aTso studied on a Pt(]]])
substrate, 'Only very diffuse fractional order'beams could be observed for
monb]ayer coverages of Cu-phthalocyanine. There is, thus, only very poor .
ordering in the serface layer. Because the djffracfion beams were not
well resolved, it was‘ﬁot possible to determine a surface unit mesh for
this structure. _ | )

A multilayer deposit of Cu-phthalocyanine on Pt(111) was found to
exhibit no ordered structure. This is in agreement with previoué obser-
vations with‘other‘molecules thet ordering in a mu]ti]ayer,_dependé veryr
critically en.the state of ofder in the initial mono]ayer fi1m.2 |
Discussion -

There are several important results obtained byvthese experiments:'
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1) Ordered monolayers of three diffgrent phthafocyanines, copper-,
ironQ and metal-free, are seen on two different faces of copper, the an)
land (100). The monolayer structures formed are different on thg different
crystal faces and on Cu(111) the different phthalocyanines atl yield
different monolayer structures. |
2) Cu-phthalocyanine monolayers grown on a Pt(111) surface exhibit only
very poor ordering. This poor mono]éyer order results in no observable
ordering of the multilayer Cu-phthalocyanine film on this substrate.
3) Ofdered multilayer deposits can be grown on both the Cu(111) and
Cu(100) substrates. Electron beam démage to the phthalocyanine molecule
is not observed. Space charge effects due to e]ectron‘ bombardment
are not apparent.below an incident electron energy of 25eV.
4) The surface structures observed for the multilayer deposits of the
phthalocyanines on both substrate faces, Cu(111) and Cu(]OO), are not
those of any plane in the bulk crystal stfucture of the phtha]oéyanines.
The monolayer surface structures observed for the various phthalo-
cyanines on the two copper substrates are summarized in Table II. In all
cases the size of the surface unit mesh is consistent with a surface
stfucture consisting of the planar phthalocyanine molecule oriented
parallel to the substrate with a sing1e molecule per unit mesh. The
bonding to the copper substrate is largely through the phtha]ocyaniné
ligand rather thﬁn through the central metal atom since fhe metal-free
phthalocyanines are found, from the thermal desorption experiments, to
be bound as strongly to the Cu(100) and Cu(]]]) surfaces as the Cu- and
Fe- phtha1ocyanines. While the central metal atom in the phthalocyanines

has no effect on‘thé’surfacé structures formed on Cu(100), it does play a
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major role in determining thé surface structure on Cu(111). Not only are v
the mdno]ayer structures different for the three-phthé]ocyanines-but the
epitaxy of the multilayer deposit indicates a fundamentg] difference in
the interaction of the metal and metal-free phthalocyanines with‘the Cu(]]])
surface. The metal-free phtha]ot&énine film grows, in the mu]tiiayer- |
.‘depdSits, as a number Qf individual aomains or crysta]lites each yfe]ding.
its own diffraction beams including its own specular reflection, since
the surféce planes are not parallel to each other, The_meté]—free phthalo-
cyanine film exhibits six-fold symmetry in crystallite orientation'(six—
fold symmetry in Crysféllite specu1ar reflections seen in'Fig;'llc, d).
The‘Cu(]i]) surface, although six-fold symmetric in the atomic positions
iﬁ thelﬁop layer, is oniy_threeefoid symmetric when the atomic positions
of the second and third ]ayér layers are inc]udéd (abc stackinQ'of'an fcc
crystal). Thus the metal-free phthalocyanine interacts with the substrate
surfaﬁe either through non-localized interactions such as Van der Waals
forces or bonds with_on]y electrons in the copper‘which exhibit six-fold
symmetry, that is the metallic s-electrons of the top copper layer.
Copper- and ironQphfhalocyanfnes; however, exhibit three-fold symmetry in
'crystallite growth Figs. 11a,b,e,f). Thus the'addifidn of a metal_afom
iﬁ thé phthalocyahiné reduces the apparent symmetry of thg substrate.
‘The central metal atom is‘thus involyed in bonding to the second layer
copper atéms or to three-fold symmetric electron orbitals, for exqmple.
d orbitals, of the sdrfaCé'cbpper atoms. |

Debosition of Cu-phthalocyanine on a Pt(111) suffaée resultéd in
only poorly ordered monolayer structures and no ordering of mu]ti1ayér

structures. This demonstrates the importance of the details of the
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adsorbate-substrate interaction even for very large édsqrbates wﬁith'over-'
- lap tens of surfacevatoms. -The absence of an ordered mu]tiiayef structure .
on thisvsubstratebihdfcates the role 6f_an initially ordered-mono]ayer ih,
contko]]ing.epitaxial growth. The differehce in-béhavior of the copper‘.‘
ahd'plétinum substrates ié possib]yvdue to seQera] causes. The e]ectrpnic
structure df the th metals is very differenf.TfP]atinum bdﬁds arométic |
M6leéules véry strongly throhgh jnteréction with the partially filled d
bands;' Copper, with a filled d band does not strongly adsorb aromatic
hydrbcarbons. Thus’thé(igsz:Ped»phthalocyanine mO]eCules.w111 be less
strohgly influenced by théﬁlhbsfrate'andAmay themse]veé determine the
packing on the_sukface; fhe lattice constant is éonsidgrab]y different
| (~.0%) for copper and platinum which méy also affect ordering of the

phthalocyanine monolayer. Work is ‘planned on a silver substrate which has
‘»avlattice constant nearer to th&t of platinum but electronic brOperties
more like copper in‘an‘attempt tb defermihe Which of these fattofs'is more
importaht. | )

| 0rdered_mu1ti1ay¢r‘ deposits 6f.phthalocyanine mo]eéules-codld be

 observéd by 10w-enefgy eléctron diffréttioh with:no éppérent e]ecthn:beamb
induced chémica];effects.' Tbis appears consistent with_the géﬁerai.trend
for mblecu]es,witﬁ highly ConjUgéted electron syStems tb bé more'stable
undef-electron-bomb&rdmeht'thaﬁ other organic molecules. Surfacéfsﬁaée'~ :
chafge'accumblation did not interfere with low-energy elécfron diffractioﬁ
. measuremeﬁts although the djffraction pattern disappéared abrupt]y at
.;ZSeV,'beiﬁg_replacéd by'dnly diffuse Ha]os above thi§ enérgy,;-Sincebthé°_;
pattérﬁ feappeared equa]ly abruptly when the engrgy was']bwered; there

r :

was clearly no_permanent'surface damage.' This behavior is.thus‘attriputed
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to a build-up of surface space-charge possibly due toyan unfavorable

secondary

The
films are
planes of
deposited

this work

unit mesh

electron emission coefficient.

surface structqres observed for tﬁe mﬁ]ti-]ayer phthalocyénine
summarized in Table II. These structures dd not correspond to
either of the/previously’reported crystal structures of vapor
phthalocyanine fFilms® since the}unit'mesh constants repqtggg!in
are considerably smaller than fhose previously reported. Our

dimensions correspond much closer to a unit cell containing one -

molecule rather than for example thé four molecules per cell reported for

a—phtha]ocyanine. This structural difference could be due to either a

~ rearrangement of the Surface region or the growfh of an entirely different

cfysta] structure due to the constraints'Of.the substrate. The latter

situation

is very possible since the deposition conditions reported pre-

vious]y8 were very different than those used in this experimeht. Our

substrate

was a clean metal surface maintained at room temperature whereas

reported results were for deposition on muscovite and alkali halides main-

tained at 423K. No epitaxy was reported below this temperature. Our

observation of épitaxia],growth at room temperature is possibly the resU]t

of using a metal substrate and clean surfaces-even at room temperature

which was

not the like]y case in the previous work that was carried out

in poorer vacuum.
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There are several 1mportanf conclusions that can be made as a result

. of this study. 1) The surface structurés of.high molecular weight organic
crystals can readily be studied by LEED. Ordgred_surfaces have been ob-
tained by growth under appropriéte experimental conditioﬁs of température
and epitaxy. Thus, it appears that surface structures of other complex
organic systems such as pq]ymers and biopolymers may also be investigated
using this technique. 2) The chemical bonding of the organic monolayer

is sensitive to the crystal face of the substrate. In turn, the bonding
between the first organic layer and the substrate greatly influences the
growth habit and the surface structure of the growing organic crystal. As

a resu1t,v3) the surface struéture of thé organic system may not cdrréspond '
to a plane in the bulk cryStal strﬁcture of the material. These observatiohs
will certainly facilitate the investigation of the surface structures of

other, perhaps more complex, organic crystals in the future.
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Tab]e I

Summary of bulk crysta] structure data for metastab]e

o for and stable g8 form of phtha]ocyan1nes S

' Phtha]dcyanine'

b
c
g

Mols/cell -
Spéce Group

- a
s
.
8
Mols/cell
’ vspaceAGrbup |

\
26.14 A
[+

3.184 A

23.97 A
C91.1°

4 .
c2/C

o 19. 85 A
4.72 A ‘

14.8 A
122.25°

'P2]/av

Metastab]e o Form

25.92 A
3.790_ A
23.92 A
90, 4°
4
c2/C

Stab]e B Form »
196 A
4.79 A

- 14.6 A

-~ 120.6°
2
PZ]/a

_ Cu-Phtha]ocyahine

;-Fe-PhthanCyanine
. ‘ R o
25,90 A

. (]
~3.765 A

AR o :
90.0°

4
c2/c

20 2 A
4. 77 A o

” 15 0 A '

- Py/a
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Table II

- Summary of surface unit mesh data determined in this work for Qoth sjingle
layer and multilayer structures of several phthalocyanines. a and b 3re
the surface unit mesh vectors which are at an-angle y to each other. a is.
at an angle § to the indicated direction in the substrate surface. The

exposed surface plane is inclined at an angle 6 to the substrate surface
where indicated. o

Single Layer Structures

- Cu(100) Substrate

_ Phtha]ocxanine Cu-Phtha]ogzaninev -Fe-Phtha]ocxanine
a . 13.7 A 13.7 A 13.7 A
b 13.7 A 137 A 137 A

Y 90° » 90° - 90°

6 22.5° 22.5° _ : 22.5°

s measured to:(]]0) direction
- Cu(111) Substrate

a 13.3¢.5 A 12.6+.5 A 12.0¢.5 A
b 13.35.5 A 12.65.5 A 12.08.5 A
y 81.5° . L A

5 10.25° N | A

 § measured to (110) direction
Multilayer Surface Structures

- Cu(100) Substrate

Phthalocyanine Cu-Phthaloc¥aniné ) Fé-Phthalocxanihe'
a C13.7 A 13.7 A S 137 A
b 13.7 A 137 A . 13.7A
Y %° 90 90°
& o 22.5° - 22.5° | - 22.5°
Cu(lll)'Substrate | . T . ' - | .
" a 11,025 A i 1.2:.5 A 11.0£.5 A_
b 11.0£.5 A C11.2+.5 A o 11.0t.5 A
VY S 90° 90° e
5 0° 6° | | 15°
0 12° e B 12°

§ measured to (T]O) direction
6 measured between surface plane and surface normal
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Figure Captions

The phthalocyanine molecule.

Orientation of molecules in the bulk crystal structure of the
stable B form of metal-free phthalocyanine. After Kitaigorodski‘l.4
Experimental system. 1) Single crystal substrate, 2) Four grid
LEED optics, 3) Oven and collimators for sublimation of phthalo-
cyanines, 4) Quadrupole mass spectrometer, 5) Ion gun for argon
ion bombardment, 6) Ion pumped vacuum system,

Mass spectrum obtained for metal-free phtha]ocyanine for a
sublimator temperature of 660K. |

LEED pattern at normal incidence for mono]ayer,coverage of
Cu-phthaTocyanine on Cu(100). Incident beam energy 2leV.

a) Surface unit mesh (II) responsible for the diffractidn pattern
in Fig. 5. ng = ‘31 = 13.7 K. Unit mesh (i) is that for clean
cu(100). 3] = |B] = 2.55 A.

b) Cu-phthalocyanine molecule superimposed on the surface unit

mesh, | 3] = '3" = 13,7 A. Cu-phthé]otyanine is shown with a
Van der Waals radius of 1.2 R éttributed to the hydrogen atoms.
LEED pattern at nokmal fncidence from a multilayer film of
Cu-phthalocyanine on Cu(100). Incident electron energy 15eV.

LEED pattern near normal incidence from a monolayer deposit of

Cu-phthalocyanine on Cu(l]]). Incident electron energy 14eV.

a) Unit mesh (II) responsible for the diffraction pattern in
Fig. 8. |3*| = |B'| = 12.6 A. uUnit mesh (I) is that for a clean

cu(1M) surface. |3] = |B] = 2.55 A

b) Cu-Phtha1ocyan1ne superimposed on the surface unit mesh.

»



~19~

37 =18 = 12.6 A |
Fig. 10 a) LEED patterh near nbrmalvincidence for a two-]ayer.depqsit of
| B Cu-phtha]ocyanine.dn Cu(111). Incidént electron energy ldeV, -
b) Unjt mesh of second layer Cu-phthalocyaﬁine depdsit.ﬁg“i -
|8+| = 1.2 A, P o -
Fig., 11 a) LEED batterh near norhal incidence for a multilayer deposjt
of Cu-phthalocyanine on Cu(]]]); Incidenf.electron energy 14eV.
" b) Schematic of a) showing reciproéal fattice.unit mesﬁfand
mﬁ]tip]e (00)_beams due to phthalocyanine crysta]litesov
c) LEED pattern near normal incidence fék a-mu]tiTayér' deposit
of meta]-freefphthalocyanine on Cu(111). Incident eneggy 14eV._
d) Schematic of c) showing two domains of the surface reciprocal
unit mesh and the multiple (OO) béams,afising.from these
crystallites.
é) LEED pattern near normal incidence for a multilayer depoSit
of Fe-phthalocyanine on Cu(111). Incideht.electron énergy 15eV.
f) Schematic of e)*shoWing two domains of the surface recjproC31
unit meéh and the multiple (00).béam§ arising from these.

crystallites.
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