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reflect those of the United States Government or any agency thereof or the Regents of the
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been determinédtfbr the first time. Surface struéiureé_were found to be
| projection§offﬁu]k-cryéta] planes to the surface.fdr;both ice and

naphiha1ené.:'This tephnique is applicable to studies}of a wide variety
of molecular éf}sta] surfaces and opens the field pfistrqctufal surface

. . E : A . - Vi, E
-chemistry of organic solids to definitive investigations.
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Experimental

The exberiments were performed with a standard Varian LEED apparatus;}
modified by the addition of a sample manipulator that.couid be cooled to |
| 98K, Base pre55ure in the chamber was less than 1x10f9 torr. The LEED
optics'also served as a retarding field analyzer for Auger electron
spectroscopy. ‘A schematic diagram of the apparatus_is.Shown in Figure 1.

fhe sample manipulator consisted of a bellows-sealed rotary feed-
through modnted on another Stainless steel bel]ows'to allow uertical and
tilt motion besides rotation of the sample. A ho]lowccopper block
3x2x1.5 cm was.attached to the shaft of the rdtary,feedthrough.— Two_3 mm
o.d. stainless steel tubes were braZed to the block fdr 1iquid'nitrogen
circulation. The tubes were'coi]ed abdut the shaft of.the manipulator
(not shown in Figure'l), allowing over 180° rotation of the sample. The
platinum crysta] was spot we]ded to 2 p]at1num bars, 4 cm ]ong, and these
bars were bolted through a ceramic 1nsu1ator to the copper b]ock Coo11ng
of the crystal was by conduction from the copper b1ock and the ceramic
insulator al]owed s1multaneous resistive. heating of the crystal The
crystal cou]d be. held at any temperature between 100 and 1400 K,. as
- measured by a chromeI-alumel thermocoup]e spot welded to its back;

Two different Pt single crystal discs-were usedA They uere cut from
a Pt s1ngle crystal rod obtained from Mater1a]s Research Corporat1on,,
oriented to (111) *+1°, polished and etched A calcium 1mpur1ty which
segregated at the surface was removed by heat1ng the crysta] to 1700 K in
107 =3 torr of oxygen for 48 hours pr1or to mount1ng the crystal on the low
temperature manipulator, and by argon fon bombardment. The crystal was

cleaned of carbon before each experiment by heating it for 1/2 hour to
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1200 K in 10°% torr of oxygen. Auger e]ectron spectroseopydwas used to
demonstrate the c]ean]1ness of the surface. o

The 1ce and- naphtha]ene crystal samples were produced in the vacuum

" chamber by allowing the respective ﬂapors to impinge upon the cooled Pt

crystal from a neédle placed 1.5 cm from the crystai face. The naphthalene

used was “Baker Analyzed" grade, purchased from the J T. Baker Chemieal

Co. The water sample‘was Harleco "ultra- pure" purchased from Sc1ent1f1c ‘

Products Co., stated to have spec1f1c re51stance of greater than 107 ohm-cm{

~ Both were degassed before use.

The mo]ecu]ar flux incident upon: the crystal was. contro]]ed by a 1eak

valve. Fluxes 1n the range of 1013 - 10 15

molecules cm 2 sec”! were used.
This range of fluxes was def1ned by the requirementvof molecular flux
eignificantly greater than the flux of chanber background .gases to lessen
competition during adsorption and"condensation,Vand’the requirement for
convenient gronth times.'

The flux of molecules at'the'crystal surface waercalibrated-in two

ways: optical interference, and by use of known vapor pressure versus .

temperature re]ations. ~The crystal could be exposed to the flux long

“enough to give a layer exhibiting interference colors when viewed under

‘white light. The colors define an optical path length,5 and thus a

thicknesé that was obtained during'growth_in a giuen time. Assuming a
sticking probahi]ity'ofvthe vapor mo]eeules of unity, the md]ecular.f]ux
could be determined The alternative‘way'is'to find a substrate temper-
ature above whlch the mo]ecu]ar film would not grow. ‘At this temperature
the vaporlzatxon rate of the condensed molecules equa]s the rate of

condensation from the vapor flux. Since the vapor pressure at this
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temperature is known, the impingement rate, which must'be‘equa]; is also
. 2668.726 4 19,4312

T : .
(P in torr, T in K). Neither method is extremely

- known. For  ice, log P = , and for naphthalene,
1734 7

- T-7T
accurate, however the two methods yield fluxes that usua]ly agree within

logP = - 4+ 7.01

a factor of 2.j<The heats of vaporization are 12.2 kcal/mole_at 273K for

, ice® and 17.4'kba1/mole at 298K for naphtha]ene.9
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- Results

- When water is deposited on the clean and ordered Pt(111) substrate in

14 15

the temperature range of 125 - 155 K from a f]ux of 10 - 10~ molecules v'

em? sec”! ina thickness of 10.|

10 R, the d1ffract1on pattern shown in
Figure 2 is ootained. ‘The pattern consists of a hexagonal array of d1ffuse‘

spots, with the spacing between them ~ /3/3 times the spacing between the

Pt(111) features. The ice pattern is rotated 30° from the Pt(111) pattern.

At the onset of the experiment; the. Pt(111) diffraction spots are sharp,

in distinct contrast to the more d1ffuse new spots that deve]op as the

- ice film grows. "The d1ffraction pattern at this’ po1nt could be called

Pt(111)4Q§-x /5) R30°-H20. However, as the deposition of water continues,

:a]] diffraction features become diffuse. .

The diffraction pattern that can be attributed to the ordered ice

crystal surface persisted as the ice film grew to a thickness of greater

than IOOOA as measured by opt1ca1 1nterference. As the ice thickness
increased, the LEED pattern deteriorated. The dlffract1on spots grew more
diffuse, and:eventually disappeared into the 1ncreas1ng]y br1ght back-
ground at a thickness around 1000A. A]so,*at somewhat greater thickness

the jce surface charges up rapidly in the electron. beam, and the space

charge obliterates all of the d1ffract1on features.,

At temperatures above 155K, film growth does not take place under our

“conditions of vapor f]ux; and the Pt(111) diffraction pattern remains un-

changed. At temperatures‘be1ow 125K, the Pt(111) diffraction spots grad-

, ua]Ty‘decrease in intensity and u]timate]y disappear into a bright,

uniform background indicating the deposition of a thick disordered ice
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]4>- 10° molecules em? .

layer on the metal surface. Within a rahge of 10

1, there éppears to bé no dependence of the qua]ity of the diffraction

- sec
pattern on incident flux. The temperature range for ordering also did not
change markedly with flux.

Electron beam exposurelprdduced Tittle change'in_the diffraction
battern.v Proionged exposure (minutes,{with beam current density of ]0'3
A cm"z) to a thin film (<100 A)-af beam energies greater than aboutlsd ev,
can remove the ice diffraction;baftern.and the Pt diffraction features
become visible again. Subsequent.exposure of the beam damaged area tov_
water vapor tadﬁed the ice diffraction pattern to feappear, With low
‘beam energies'(lobg 60 eV), short’exbosﬁrés of a thick:film‘tolthe |
e]ectroh beam produted no noticeab]é change 5n thevdiffraction pattern. |

Naphthalene

Gland and Somdrjqi_have investigated the adsérption of naphthaiene
on Pt(]ll).]o At room temperature the adsorption‘produced a diffraction -
\ pattern of blurred, third order featurés. Subsequeht heating.to’150°c '

produced a sharp pattern they called a (6x6). We have dup]itated this -
vwork.' Although the diffraction paﬁtern of ihe'orderéd naphthaleﬁe
structure may lack some of the features of a true (6x6)'surface stfucturé,
for lack of a better_namé, this monolayer structure wifl‘be'referred to
as (6x6). ] 5 . -
Slow cooling of the clean Pﬁ(l]l} substrate in a flux of naphthalene

vapor produced first the disordefed monolayer péttern referred to above,
then a diffractioh pattern shown in Figure 3 consistihg of concentric

rings around the specular beam, with none of the Pt(l]]) features visible




at any voltage. Pre-cooling the substrate, then admitting naphthalene
vappr produced the same diffraction pattern. Fnrtheh,-the-same rinQLTike
diffraction features_were produced by depijting naphtha]ene onto a
graphitic carbon covered Pt(111) surface or a t1ean Pt(1b0)4(5x1) surface.

| If the Pt(111) substrate 1s eonered with an_prdered (6x6) monolayer
‘of naphthalene, which is obtained by heating the naphtha]ene monolayer
” tp 150°C for several minutes, subsequent deposition of naphtha]enevat'
‘temperatures 105 - 200K'pnpduced‘the diffraction pattern'shpwn in Figpre
:’4;: The d1stances from the various order d1ffract1on beams to the specu]ar
‘”beam are equa] to the radii of the concentrlc rings in the naphtha]ene
kthlck layer d1ffract1on pattern descr1bed prev1ous]y. Aga1n, the Pt(l]])
features w were not detectable.' S o -

Both types of d1ffract1on patterns, character1st1c of az1mutha11y

_d1sordered and ordered growth were obtained from a ‘thick (10 R) ]ayer of

Asnaphthalene under similar conditions of temperature and 1nc1dent mole-

14 15 -1

cular f]ux. N1th naphthalene fluxes of 10'7 = 10 molecules cm -2 sec ',
~ thick crystals of naphthalene grew at temperatures below ZOOK,f At
temperatures bepr'TOSKﬁneithen dffffattion pattern was visible, rather
the pattern consisted of a uniform bright background indicating that the
naphthaTene deposit was disprdered Growth at temperatures-approaching
.this lower limit of 105K produced d1ffractlon patterns with broadened
features and increased background 1nten51ty. , | |

The diffraction patterns characteristic ofhwellfordered surface
" structures persisted as the naphthalene fflms,grew-tO‘thicknesses greater |
~than 1000 A in the temperature range of 105 - ZOOK; At thicknesses

greater than 500 R space charge would be observed at beam voltages less
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than v 30V -~ above 30V the diffraction pattern wou]dzbe'c1ear1y visible.

At film:thicknesses'greater than 1500 A, the presence of space charge

made the LEED pattern undetectable. | | |
The'néphthalene-diffraction pattérns are very sensitive to electron

beam exposure. In 10 seconds, at beam energies of greater than 25 eV with‘

2, all traces of the diffraction patterns

a beam current density of 1073 A e
would disappeargv The diffraction pattern would not again be visible from

an area disordered by‘electron beém exposure even after'subsequent

deposition of naphthélene. Ubon moving the beam to a frésh portion of

the crystal, the pattern was again detectable. .A deposited naphtha]enev"
layer could be easily-evaporated by heating the crystal above ZOOK.Y If

the electron'beam exbosure had‘been’small, the initial naphthalene mono-

layer pattern, either disordered or the.(6x6), was visib]e from the sub-
strate after evdporation. The diffraction-pattern'bf thé.sqbstrate,v

after evaporation of a naphthalene layer that had beeﬁ'SUbjeCtéd to substantia]
electron beam exposure,‘showed only a faint,'br no, Pt(111) diffraction
features and no sién of-a'naphthalene mond]ayer pattérn.‘ The electron
beam causes the néphtha]ené to undergo a chemical transformation (perhaps

polymerization) to a disordered, more Stran]y bound speciés.




Q.i’)éﬁ@ﬁfiﬁﬁ@éfﬂ

~11-
Discussion -

The ice diffraction pattern indicatesfa'heXagona1 surface unit'mesh,
4.8 A C on a side rotated 30° from the hexagona] Pt(lll) surface mesh. |
Within 6% this 1s the- repeat 1ength in a hexagonal sheet of hydrogen bonded
water mo]ecu]es as in the basal plane (0001) of normal hexagonal ice I,

or.as in the”(]]l) plane of face centered cubic‘ice Ic.]1

The structure
is'a network of oxygen atoms in 6-membered.rings of?the chair conformation
with hydrogen atOms distributed between:the oxygens.» This structureiis‘
shown schemat1ca11y in F1gure 5 we-conclude'from.the diffraction pattern
that ice grows in sheets of e1ther hexagonal (0001) or fcc (111) para]]el
to the Pt(111) with ‘the two-dimensional unit cell rotated 30° to the two-
'dimensiona]APt(Tlt) surface unit cell, ;Under COndftions similar to ours, -

12

the»cubfc form has been found to grow. In either case the ice surface

layer is not crystallographically dffferent from a bulk lattice plane of
ice, but it is that ekpected from the projection_of_a bulk ice-unit ce]T
to the hep (0001) or fcc (111) surface. The ice crysta]s‘grow in this
 manner from the f1rst monolayer outward | | |

Rap1d (about 1 minute) coollng of the c]ean Pt substrate 1s necessary,‘
“to produce 1ce d1ffract1on patterns. S]ow cooling al]ows ambient gas
nnlecu]es to preferent1a1]y adsorb on the substrate before the temperature
is low enough for water molecu]es to condense. The adsorptlon of gases
from the ambient on the Pt(]l]) substrate 1nterferes with the epitaxial
growth of the ice 1ayer. Dur1ng our 1nvest1gat1on, there was no ev1dence
of adsorption of water on the Pt(111) surface at any temperature between

160 and 450K, in agreement with the finding of Chesters and Somorjai.]3
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The diffraction spot sizes are indicative of'the‘number of scattetrers

in the ordered domainS'contributing to the spot. In the kinematic approxi-

"mation, the width of the diffracted beam anddthe average size of the

ordered domains can be related by the Scherrer equation]4
2
A =T coso

where A is the angular 1iné width of the spot, A the wavelength of the
electron, © thévdiffrédtion angle and L the domain width.‘ This equétion
gives 40 A for the size of the ordered domains of the growing icé film,

For the thickest ]ayers,vthe domain size is réduced beldw 30 A._ Thev6%'
Tattice mismatch between the “ice crystal lattice and the Pt(111) surface |
perhaps contributes to this limited domain size by intfodUcing dislocations
info the ice to.reduce ]dttice strain.

The.depositibn.of'a-disordered phase of ice at_temperatdres below
110K has been:feported'during'X-ray and electron diffraction studies.'?
the disordered phase-wds reportedito crystallize as thedtemperature'was
" raised, which hés'not.been observed in this study, -

Ihe'icé.fiim;shows 1ittle damage under expoéure by the.e]ectron_béam{
High energy beamé and 1ong exposure_evéporate ice frdm'the growihg fflm,
allowing Pt_diffkéction featdres to be seén._'The production df ioniied-

clusters of water molecules from-a film of condensed water vapor by an

80 eV electron beam has been reported]§ and this process is probably also N

occurring during our experiménts..'lf the béam is not allowed to pehetrate
" the entire ice fj]m, electron beam exposure produces no change in the
pattern. The e]ectron energies are higb enough td chemically alter thé
ice surface or’tq disorder the surface by rearranéing the water molecules

but neither of these processes are evident.
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The ice crystal, an insulator, does_not.charge up until thicknesses
of well over 1000 A, allowing LEED experiments to be performed on samples

of less than this thickness. Hamill'®

also observed ice films of several
hundred angstrom thickness.did'hot charge up under an electron beam. The
‘mechanism of the remd?a].of chafgé is not clear, howeQer Matskevich and
.Mikhailova répoft a seéondary e]ectron_emission_coefficieht for ice of

2.2 at 100 ev.!’

~If thevsecondary electron emission coefficient_remains
that high at the lower vo]tages'uéed for our observations,-negétive surface
~ charge would be‘éasijy removed. - | S
Naphthalené :; | |

" From the diffraction patterns of the naphthaleng crystals, a we11- 
‘defined naphthalene surface_struéturé may be deduced.' Thisfcan be identi- .
fied as the ab plane (001) of the bulk naphthalene crystal. Figure 6
shows the arrangement of naphthalene molecules in this p]ace.l The unit cell
derived from theidifffaction pattern is within 1% of-the_reported bulk -
X-ray unit cell projection distances. These are ]3[=*8;235 A and |§[+
6.003 A.lg. The'ring-like diffraétion pattern that appears upon growth of
the naphthalene crystals on the c]ean'Pt(lll) or on a disordered monolayer
indfcated the ab plane grows parallel to thé‘Pt(]l])‘but there is no pre-
ferred azimuthal orientation. In the growth of naphthalene on the Pt(111)-
(6x6) naphthalene structure which produ@gd discrete diffractibn spots, the
‘naphthalene cfysﬁals again grow with %heiég_parallel td the Pt(111), but
the a ([100]) of each crystallite is always parallel to one of the inter-
atomic directions in the platinum surface} The observed Weakness of the |
(h, k) features where h + k is odd is consistent with the presénce

of two orientationally inequivalent habhtha]ene molecules 1ying in
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the gg-crysta]-plane. The surface structure of the_So1id naphthalene

appears to be no different from a lattice p]ane'((00]))“of.the:bu]kr;rystal.

It is evident~that the structure that shows the (6x6) pattern orients
the subsequent thick layer naphtha]ene growth, The bestf1attice matching
between the Pt(111) and the naphthalene crystal structure occurs when the
a.of the naphthaTene lies parallel to the interatomic directions of the
Pt (Pt-pt = 2.77 A, 13| = 8.235 &, 3(2.77) = 8.3 R). Yet this orientation
only occurs upon the (6x6)-monolayer sfructure.- The precise location of
the naphthalene molecules in the'(GXG) sﬁrface stracture awaits strﬁcture
ana1y51s using the d1ffract1on beam 1ntens1t1es. | |

Diffractlon spot sizes in naphthalene 1nd1cate domain sizes of 70 A
over the range;of.th1ckness observed. These are somehwat larger domains
than found in the ice growth. - The eloser registry-with.Pt lattice (1%
compared to 6% for ice) may contribute to beﬁter ordering. 'The hexagonal
symmetry of the:dfffraetioﬁ'pattern and the ]fmited domain siae suggest
that the naphtha]eneefilm_consists of a large number of crystailites with
the ab p]ane parallel to the Pt surface, oriented in six equiva]ent
‘dlrectwons. Grain boundarxes separate the crysta111tes.

The electron beam has a marked destructive effect 6n the naphthalene
crystals. The naphtha]ene is transformed into a d1fferent chemical species.
of 1ower vapor pressure that does not’desorb from the Pt(]l])'at-temper-
atures less than 100°C. The deposit.:perhaps a polymer, interferss with
"subsequent naphthalene growth, so that no diffraction-pattern is visible
from the damaged. area evenrafter attempts to regrow the naphthalene

crystal on top of the damaged area.



Similar decomposition of condensed benzene by low-energy electron

bombardment has been reported._]9

This behavior ié‘in contrast to the
stability of the naphthalene (6x6) monolayeh pattern-which was found to
resist e]ectron beam damége; Researéh on electron stimulated deéorption
showed that electron induted diésociation and desokption cross sections
are orders of magnitude lower for Ehemisorbed_moiecules thén for free
molecules and 1Qwér for chemisorbed molecules than for physica]iy adsorbed
molecules. De-éxcitation of the molecule through the metal before

20 The same

decomposition can occur is'belieyed to be the expianafion.
argument may be’used to éxplain the electron beam sénsitivity of the
haphthalene,cryéta] surface 1in comparison to the chemisorbed moho]ayer
of naphthalene dn platinum., There is no fapid_recombination path-to.the
ground sfate for an electronically excited naphthalene mo]ecu1e; as it a
is only weakly interacting with fhe neighboring molecules in the crystal.
As in the case of ice, the naphthalene fi]ms also do ndt trap
exceSs charge if the films are thin enough. For films of intermediate
thickness (NBOO,A) charging below a certain beam voltage énd not above
it again suggests secondary electron emission as a mechanism of charge

removal.

Ice and Naphthalene

The two crystal faces found to grow from two dissimi]af molecules
in this study éxhibit two simi]aritie%. .1) They are both_c]ose]y packed
faces of the lowest surface free energy. The naphthalene ab is the closest
packed plane in the naphthalene crystal. The ice I and ice IC structures |
are open structures, as dictated by the intermolecular hydfogén bonding,

but the hexagonal sheet of water molecules observed is the closest packed
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plane in these structures. 2) Théy both exhibit 1atticé ¢dn$tants closely
related to the Pt(111) lattice cbnstants._ In tefms'of the Pt-Pt distance
d = 2.77 R, the ice surface lattlce constant is w1th1n 6% of vr'd and both
the Pt(]]l) and the ice surface are hexagonal. The a'length 1n»naphtha-
lene is within 1% of 3,d and the b_length is within 1% of 2 1/2 x V3/2 d,
the repeat diétance in the b direction being /3/2 d. These two_probertiés
may have déterhined7the se]ection of which p1éne grows para]le] to the
substrate. . In future stud1es we shall exp]ore the 1mportance of match1ng
the 1att1ce parameters or the strength of the 1nteract1on of the molecule-
metal monolayer by using other metal substrates of the same or1entat1on.
Preliminary Eesults of naphthalene growfh‘on Pt(]OO)‘gave no azimutha]
orientation of the crystals, thus rotational symmetry of the substrate is
'.important in 1nduc1ng order1ng. - |
The two mater1als also behaved s1m11ar1y in the dependence of film |

quality on substrate surface preparation. Naphtha]enefgrew‘w1th azimuthal
orientatidn 6n-the Pt(1]1)-(6x6) naphthé]ehe, and without azimuthal
’orientatibn on a disordéred mbno]ayér. rlée would show-good crystallinity
and oriéntatién when grown on clean Pt(111) éhd efther no crystal]iﬁity
or boor‘oriéﬁtaiéon on a poorly prepared sqrface.'”fhése reéults have

implication for the processes of Vapor-phase epitaxy;'



Summary

~ Low-energy electron diffraction pétferns,havg'béén observed from two
molecular crystal sﬁrfaces; the ice 1 (000]);or ice‘IC (111)‘and'the
naphthalene ggl(or (001)). The surface stfuctures pf5these molecular
crystals appeaf.to be identical tojprojection of lattice planes of the
known . bulk crystal_stkuctures. vThe.mo]ecu]ér-crystalS were grown epitax-
ia]]y”on'ihe Pt(Til) surface and the LEED pafterns aré detectable without
interferenée'from surface spaée charge when the crystals are less than
103 A thick. The growth of ice and naphthalene upon Pt(111) from the
vapor phase at low pressures and temperafures fs depéndent on the structure
- of the platihum surface. Identica] groﬁth conditions can yieid orderéd,
rotatidnal]y disordered or comp]étely disorderéd surfaces of the molecular
crystals, as observed by LEED, depending on the ¢1eén1ihess and order of
ihe Pt surface. | | | |

The e]ectfon beam probe damages thg surfaces of mo]ecufér crystals

but LEED studies can be carried oﬁf suctessful]y. To minimize decomposition
or desorption of the surface layers of moiecu1ar crystals, the electron

beam exposure should be minimized.
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Fiqure Captions
Schematic of experimental chamber. |
LEED pattern of the ice_surface at 74 eV. ‘
(a) LEED pattern at 14.4 eV of a naphthalene crystalline film prepared
by deposition onto a disordered monolayer on Pt(111). (b) Diagram
of (a) with several'réctdngular unit cé]]s of the'reciprocal lattice
shown. This unit cell, present_in all azimuthal orientations, re-
produces the:diffraction patﬁern.' Rings from spotﬁ'(n, k) with
h + k odd are dim (éee téxt). o ’ |
(a) LEED pattern at 36.5 eV of naphtha]enélcrystal]ine_fi]m preparéd '
by deposition onto an ordered naphtha]ene”mbnolayer on Pt(111).
(b) Diagram of (a) with three orientations of the reciprocal qnit

cell indicated. Spots due to the three typesvbf domains are shown-

| by differeht symbols: circles, squares. or tfiangles. (As in Figure

3, spots with h + k odd are dim.

Proposed sqrface structure of ice. The ice surface mesh is indicated
by 1light lines, thé'Pt(lll),surface unit cell ié.drawn»with correct
orientation at lower left. The oxygen aﬁoms of the water md]ecules'
are indicated by circ]és with the open tircles:lying above the plane
of the fiiied circles. Dimensiqns shown for the ice lattice are

bulk ice va_lues.9 |

Proposed surface Structure of naﬁhtﬁalenevgg plane with the Pt(111)
surface unit cell dfawn with correct orientation éf‘lower left.

Magnitudes of a and b vectors shown are those for bulk napht:ha]ene.]7
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-LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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