PHYSICAL REVIEW B VOLUME 53, NUMBER 23 15 JUNE 1996-1

NO, adsorption on Grafoil between 297 and 12 K

R. Moreh and Y. Finkelstein
Physics Department, Ben-Gurion University of the Negev, Beer-Sheva, Israel
and Physics Department, Nuclear Research Centiegev, Beer-Sheva, Israel

H. Shechter
Solid State Institute and Physics Department, Technion, Haifa, Israel 32000
(Received 6 December 1995

The NGO, adsorption on Grafoil was studied using the nuclear resonance photon scattering technique. By
measuring the scattering cross section of the 6324-kdide from 1°N, it was possible to determine beyond
any doubt that N@is adsorbed as a dimer,@,, on graphite. The scattered intensity ratio from the adsorbing
Grafoil sample with the beam parallel and perpendicular to the graphite planes was also measured as a function
of T. This yielded the tilt angle of the JD, molecular plane which was found to be normal to the graphite
planes with the N=N bond normal to the same planes. This tilt angle seems to be considerably stable between
12 and 300 K[S0163-182606)01120-4

[. INTRODUCTION were consistent with the dimers adsorbed with the molecular
axis normal to the graphite basal planes. Sjoeakl. used a

It is well known by now that the nuclear resonance photorsample of highly oriented pyrolytic graphitelOPG with a
scattering(NRPS techniqué is effective in measuring mo- total surface area of 268 mn?. In our work, however, we
lecular orientation of adsorbed molecules on graphite bas@mployed a different substrate consisting of 80 g of Grafoil
planes. Thus the tilt angles of adsorbed molecules on thi§vith specific surface area of about 2(/g) and used an
surface, such as Nand NO, were studied in detail as a entirely dlfferer_\t method. It is interesting to obtain similar
function of coverage and temperatdreln the case of the results for the tilt angle of the JD, molecules on the graph-
N,-graphite system, our results agree nicely with theoreticalte: in spite of the different substrates in the two techniques.
calculations which used molecular dynamic simulatibns.

The tilt angles of intercalated Nmolecules in G,K and Il. THEORETICAL METHOD
C,,Rb were also studiety’

The purpose of the present work is to determine the
chemical form of the adsorbed NOnolecules, namely, to As mentioned above, the resonance photon scattering pro-
find out whether it is adsorbed in a monomer or dimer formcess is caused by a Doppler-broadendihe [F(E), repre-
and also to determine the tilt angle of the molecules withsented by a Gaussi@roverlapping by chance a Doppler
respect to the graphite basal planes. In the NRPS techhiquéyroadened nuclear level at 6324 ke\ il [represented by a
a beam of monoenergetic photons generated fron{(rihg ¢ function, y(x,t), defined below This overlap is illustrated
reaction using thermal neutrons photoexcites the 6324-ke'¢chematically in Fig. 1 where the lines are kndwno be
level in N nuclei. Both the incideny line and the nuclear separated by=29.5 eV from each other.
resonance level are Doppler broadened. The scattered inten- The resonance scattering cross section for such a process
sity depends on the extent of overlap between the twand for an infinitely thin>N sample is given by the overlap
Doppler-broadened lines. The Doppler width is integral which is shown as the shaded area in Fig. 1. This is
A=E(2kTJ/Mc?)¥2 whereE is the nuclear level energl)  expressed as
is the nuclear mass, afiq is the effective temperature of the
scattering atom; it is related to thetal kinetic energy of the o
atom in the sense that it contains the part associated with its or= "OJO F(E)¢(x,t)dE= oo tho(Xo,to), 1)
internal zero-point motion. Thus the Doppler broadening of
the nuclear level depends on the zero-point vibrational mowhere o,=27x2gI'/T" is the peak cross section of a non-
tion of the N atom. This makes it possible to use it for study-broadened nuclear level whose total natural width iand
ing the directional properties of the normal vibrational ground-state widthi’y. The Gaussian functioR(E) is given
modes of the N-containing molecules, and for studying thehy
tilt angles of adsorbed molecules relative to the graphite
planes. F(E)= (1A exd — (E—E,+ 6)4/A2], 2

The adsorption of NQon the graphite basal plane was
studied previously at 90 K, by Sjovadt al® They used high- whereA, is the Doppler width of the incideny line and is
resolution electron-energy-loss spectrosc@giREELS and  defined by
thermal desorption spectroscofyDS). They concluded that
the NO, molecules are adsorbed as dimers and their results A=E(2kTs/M > ©)

A. Resonance scattering cross section
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FIG. 1. Calculated shapes of the Doppler-broadenetine
[emitted by the”®Cr(n, ) reactior and the nuclear level itPN. The
former is represented by a Gaussian and the latter #yuaction. FIG. 2. Geometry of@ the NO, molecule and(b) the N,O,

The overlap ir_1tegra| shown_as the shaded area represents the res9slecule taken from Ref. 11c) The intrinsicx, y andz axes of the
nance scattering cross section. N,O, molecule.

E;=E,+ 6 is the peak energy of the line emitted by the

5 A the incidenty line and for the atomic absorption of the scat-
“Cr(n,y) reaction; it is separated by an energyrom the

) tered photons. This was done in detail elsewtie. prac-
resonance enerdy, of the nuclear leve(after recoil correc-  yjce the scattered intensities were calculated using numerical
tion). , , integrations by employing a computer code.

In this resonance scattering process, free recoil of the "g;qd be noted that the Doppler width of the incident
emiting nucleus is assumed, the recoil energy isg3p4 kevy line emitted by th&?Cr(n,y) reaction isAg=8.2
Er=E;/2Mc”=1.43 keV and is far larger than the lattice g\/ (35suming a thermodynamic temperature of 460 K for the

energies of the sampléd, is the mass of the emitting iso- ., 5qrca, whereas for the 6324-keV resonance level in the
tope of they source;T; is the effective temperature of Cr 15y atom in the form of NO, (at 296 K), A, =18.2 eV. This
A ) .

defined by L_ami_?.The functiony(x,t) is a convolution be- 5,46 gifference in the Doppler broadenings is not only due
tween a Breit-Wigner resonance form and a Gaussian distryy, the different masses and thermodynamic temperatures of
bution of energies and is defined by the photon source and the scatterer, but mainly due to the
different effective temperatures beingT,=475 K and

o] —_— —_— 2 .
Hxt)= 1 J’ exd —(x—2)7/4t] dz (4 Tr=674Kof the Cr atom and the N atom, respectively.
' 2Jmt) J = 1+7° '
with B. Effective temperatures
From the above, it is clear that a calculation of the scat-
_ 2|E-E/| (AT tering intensity from the sample requires a knowledge of the
- r o =(AD)S effective temperatur@, of the N atom. We hereby calculate
(5)  the effective temperatures of tHeN atom in NG in the
A,=E,(2kT,/M,c?)?, various forms encountered in the present work.
whereE,, M,, and A, are related to the scatterer and are 1. Pure NG,

defined in a similar manner to that of the source. The
right-hand side of Eq(1l) shows that the overlap integral
could be expressed as anothefunction where

We first note that the NQis aV-shaped molecule whose
geometry is described in Fig(&; it performs translational,
rotational, and three internal vibrational modes. The effective
Xo=2|E,—E{/T=28/T and ty=(A2+A?)/I. (6) temperature expresses the total kinetic energy of the N atom
including that of its zero-point motion. Thug, of the N

Thus the scattering cross section depends strongly on th&om at a temperatuf®e may be written as
effective temperature$, and T, through the corresponding

Doppler widths. Since the samesource was used through-
out the entire experiment, we will be interested only in the Te=ST+ ST+ Skeyl3, (")
dependence af, on the effective temperatuiie of the scat- .
terer which occurs in the form of Nither pure, dimerized, where the first two terms on the right-hand side are contrib-
or adsorbed on graphite. uted by the external kinetic degrees of freedom of the mol-
Equation(1) can also be viewed as yielding the scatteringecule (with S; and S; the energy fractions shared by the N
intensity for an infinitely thin'>N target. For a thick sample, atom in the translational and the rotational motions of the
one has to account for the atomic and nuclear absorption antire moleculg T, is the effective temperature of the trans-

3
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TABLE I. Calculated fractions;, S;, ande of the intramolecular vibrational, librational, and intermo-
lecular vibrational motions of Ngand NO, molecules. The normal modes of vibration(in K units) were
taken from Ref. 11. The values of the force constditsunits of 1¢ dyn/cm are listed. The calculated
values are normalized so thal+S,+31°S/3=1. ky_y=2.92, stretching force of the NN
bond. ky_o=9.34, stretching forces of the-NO bonds. ko ¢ (,)=1.25, stretching forces of the-©O
bonds along the direction. kg o (=0.20, stretching forces of the-GO bonds along the direction-

Bending force stabilizing the - ©N—O angles, equal to 1.113. Bending force stabilizing theX>=N
angles, equal to 0.316. Restoring force of the out-of-pBgemode, equal to 0.003. Restoring force of
the out-of-planeB,,, mode, equal to 0.507. Restoring force of the out-of-plAgenode, equal to 0.051.

NO, N,O,
1 2273 0.6444 0.3192 0.2391 1946.6 0.275 16
2 1878.8 0.1446 1794.7 0.138 62
3 1064.6 0.5361 1288.1 0.176 87
4 1046.3 0.201 81
5 568.8 0.047 96
6 2448.1 0.334 93
7 2407.9 0.322 83
8 392 0.112 29
9 368.7 0.017 59
10 939.2 0.416 52
11 639.4 0.340 41
12 138.4 0.000 01

lational and rotational motions of the molecules. The third This expression foif, applies to the case of a gaseous
term corresponds to the internal vibrations of N@hich ~ NO, sample. For liquid and solid samplé&g, increases enor-
has three normal modes: symmetric and antisymmetrienously. The increment is contributed by the dimerization of
stretching of the N-O bonds, and a bending of the NO, and by the strong interaction between the dimer mol-
O—N—O angle. The corresponding frequencies were takemcules. To evaluatd@, for this more complicated case, we

from Ref. 11 and are listed in Table I, with the energy
fraction of the N atom in thgth vibrational mode of the
molecule. The kinetic part of the vibrational enerlgy; is
given by

kejl2=(hvi2){[exphy; IKT)—1]"+3}, (8

where the factog appearing irka; andhw; arises from the

first deal with gaseous JO,.

2. Pure N,O,

This is a planar molecule whose geometry is described in
Fig. 2(b). The effective temperature of the N atom in mo-
lecular NO, (in a gaseous forjnrmay be written in a similar
fashion to that of Eq(7). Here, however, one has to account

fact that only the kinetic part of the vibrational energy con-for the 12 vibrational normal modes of the molecule as was
tributes to the effective temperature and hence to the Dopplétone in Ref. 12. The result is

broadening of the nuclear level. The fractidgsare the ra-

tios of the vibrational energy of the N atom and that of the

three atoms of the molecule:

9)

3
S, =4mvIMA; /(4771/]2; MiA]

with A;; the amplitude of atom in the vibrational modg of
the V-shaped molecule. The values Af; were calculated
using the published distances, the-®—O bond angle, and
a rough knowledge of the spring constants governing th
vibrational motion of the molecule. Using the valuesSf
S, and S; obtained from the above procedufisted in
Table |), we obtain

T.=0.5583 +384.9. (10)

At T=300 K, T,=552 K where 384.9 K is the zero-point
energy of the!>N atom (in NO,) and is contributed by the
internal vibrational motion.

12
Te=ST+S T+ Sike;/3. (12)
1

After substituting the calculate§, (see Table), we obtain,
for a gaseous pO,,

T.=0.205T +585.1. (12)

Here, 585.1 K represents the contribution of the zero-point
&notion of the N atom in KO, to T, and is much larger than
the corresponding value in a N@nonomer. The different
values ofT, for a monomer and a dimer as revealed in Egs.
(10) and (12 has two consequences. First, the scattered
y-ray intensity from™N (which is proportional tdl,) in the
form of a dimer is much stronger than that from a monomer.
Second, the variation of . with T is also different for the
two cases. Thus, by measuring the scatteyedy intensity
from a sample and its variation with, it is very easy to
decide in what form the N atom occurs in that sample.
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It will be necessary to calculaf€é, of the N atom along

the three intrinsic coordinate axes of theQy molecule as L2 T ' '
shown in Fig. 2c) which we denote b, , T,, andT,. This 1.00 N,0, on Grafoil ]
is done by projecting the translational, rotational, and vibra- 0.98+ 7
tional motion(of each normal modeof the molecule along 0.96 .
the above three directions. The results for a free dimer as-i& 0.94- 1
sumed to be in a gaseous phase are E 0924 ]
. . B 090 g .
TX=SXTI+21 Sia;, Ty=SyTt+% Sia;, = gz ]
0.84] 1
12 0.82 1
T,=S,T+2, Saj, 3 s
10 0 50 100 150 200 250 300
with S,=0.1596,S,=0.2125,S,=0.2431, whereS, , S, , and T(K)

S, are the energy fractions of the translational and rotational
motions of the N atom along the three coordinate axes of thﬁ
molecule.

FIG. 3. Scattered intensity ratidselative to 297 K from the
O,-Grafoil sample contained in ax& cn? stainless steel cylin-
der. The Grafoil weight is 80 g in which 823 mg gas was adsorbed.
The effective temperature of thesource is 475 K. The solid curves
were calculated after deducing the effective temperaturesrand

There is a small difference between tiig for a N,O, the N atom in the BO,-Grafoil system. The “effective” Debye
molecule in a gaseous form and in an adsorbed form. Thtemperaturdd was then deduced by best fitting the solid curves to
increment is due to the binding effects of the dimer-dimerthe experimental data. Typical errors are indicated.
and dimer-graphite interactions. In order to compare our
measured scattering intensities with calculations, we have tmal to it, (c) N,O, plane stands on th& surface(6=90°),
define two effective temperatures of thél atom: T, andT,  with the N=N bond parallel to it. The results are given in
in directions parallel and perpendicular to the graphiteTable II.
planesT, andT, may be evaluated by making the following ~ The above equations may be used for calculating the ef-
assumptions(1) The in-plane and out-of-plane degrees of fective temperaturd’y for non-orientedgraphite using the
freedom of the motion of the D, molecule with respect to relation
the graphite surface are decouplé®d). The adsorption pro-
cess has no influence on the internal vibrational frequencies Te=(2T,+T.)/3. (14)
and on the geometry of the molecu(8) The relative motion
of the NO,-graphite system can be represented by six Einy jg interesting to note that the same value is obtained no
S'Feln os_cnlators:(l) an out-of-plz_;me V|b_r_at|on of the entire 1 atter which pair of values of, and T, (see Table Il is
dimer with respect to the graphite plarig) an out-of-plane ;5eq for calculating’, of Eq. (14). This result is intuitively

libration and two in-plane librations, andi) two in-plane  eynected and is viewed as a self-consistency check of the
degenerate vibrations of the entire dimer. Here we simplifytyrmula given in Table II.

matters by choosing a single effective frequengyfor the
four in-plane motions and anothew,, for the two out-of-
plane motions. Furthermore, we may take=v,, and justify
this choice by noting that the in-plane intermolecular inter- The above values of, andT, (Table ) are valid for the
action is expected to be weaker than that in soj®Ndue to ~ fully oriented graphite surface. In practice, one has to ac-
the large average distance between the adsorbed dimeggunt for the actual structure of the adsorbing surface
(where a submonolayer coverage ofQy on Grafoil was (Grafoil) which consists of a randomly oriented fractih
employed in the present work =0.44) of crystalline surfaces having a mosaic spread with a
It should be noted in this connection that the full width at half maximum(FWHM) angle ¢=30°. The
N,O,-graphite interaction is known to be much weaker thancorrected values] | andT ¢, may be written as
that between the JO, molecules. In fact, the Debye tem-
perature of solid (which is a measure of the intermo- C— +(1— + i
lecular interaction)%rv)v‘:as measuréd and found to be 315 K. =gt (-t ){TJCOSZ@ TH(SmZ@}' (19
However, the NO,-Grafoil interaction, expressed as an ef-

3. N,O, adsorbed on fully oriented graphite

4. N,O, adsorbed on Grafoil

fective temperature and deduced from the temperature varia- Ti=(3T4—TI)/2. (16)
tion of the scattering intensity off the ®,-Grafoil sample,
is around 200 K(see Fig. 3 and Sec. IV B below The corrected value§| andT¢ were calculated as a func-

With the above assumptions, we may write the exprestion of T for each of the NO, orientations relative to th&
sions of T, andT, for the following three orientations of the surface(see Fig. 4 The corresponding scattering cross sec-
N,O, plane with respect to th& surface(see Fig. 4 ()  tions may be obtained using the solid curve of Fig. 5 from
N,O, plane paralle(6=0°) to theG surface(b) N,O, plane  which the values oR=0,/0, as a function ofT were de-
normal to theG surface(6=90°), with the N=N bond nor- duced and are displayed in Fig. 4.



16 010 R. MOREH, Y. FINKELSTEIN, AND H. SHECHTER 53

1.45 T T T T T T T T T T T — 1.45
2 i & 1
1.40 15 ) ~41.40
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FIG. 4. Measured and calculated scattered in-
~ L3549 o\:/o 135 tensity ratiosR (oy/o) with the photon beam
E_I i o 1 parallel and normal to th& planes for the fol-
o 1003 —+— o/‘\o (b) 31.00 lowing cases(a) The molecular plane is assumed
E 0‘95_I —4— -+ 0.95 parallel to theG planes.(b) The molecule is as-
1 1 sumed to be standing on ti@plane with its axis
0‘90__ ] 0.90 normal to it.(c) A standing NO, molecule with
0.85 1 - —0.85 its symmetry axis parallel to thé plane.
0.80 (c) ——— J0.80
0.75 v T ¥ T T T T T T 1 T 1 0.75
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T(K)
ll. EXPERIMENTAL DETAILS layer. The results were analyzed, using the Brunauer-

Emmett-Teller(BET) model!*'* to determine the surface
. ] . . i area occupied by a single,8, molecule yielding 16.4 A
Our first task in this adsorption study was to find out  Thjs should be compared with the corresponding area oc-
whether the N@ molecules form a genuine monolayer film cupied by a single lmolecule, which is 16 A The latter
on the graphit€0001) basal plane. The substance chosen forasult may be viewed as independent evidence that §ag N

our study was the well-known exfoliated graphite, namely,doeS not lie flat on theG surface because a lying,S,

Grafoil. We use'd a 1.729-g sheet of Grafoil to perform 4molecule occupies an estimated surface area of around 29
vapor-pressure isotherm measurement at 273 K, keeping

IR12 .
mind that at 273 K, nitrogen dioxide is known to be mostIyR.' ".1 fact, the s_urface area of a standlng_O),I molecule
in a dimer form. with its N=N axis parallel to theG surface is larger than

The usual procedure is to heat the Grafoil under vacuun]ihalt with its N=N axis nor_mal_to_theﬁ surface. The surf_ace
(P=10"° torr to 950 °C for 4 h inorder to desorb the sur- area of the latter orientation is in better agreement with the

face impurities. When cold, the Grafoil is transferred to a celiM&asured result and therefore favors the normal geometry of
in helium atmosphere in a sealed plastic bag. The cellth® N=N axis with respect to th& surface.

equipped with a valve, is connected to the adsorption system

containing a calibrated volume and a Baratron pressure

A. NO, adsorption measurements

gauge. The “dead” volume of the cell is then measured by B. Photon scattering measurements
recording the pressure as a function of the calibrated He )
volumes introduced into the adsorption cell. For the photon scattering measurements, we used a large

This procedure could be used because no He adsorptiddrafoil sample(80 g consisting of about 100 rectangular
takes place at room temperature. The specific adsorption aré4€€ts, each 0.5 mm thick, of varying dimensions packed
of Grafoil was found to be 20 fy; it was deduced by mea- parallel to each other. It was inserted into a thin-walled
suring the isothermal adsorption of, it liquid nitrogen tem-  5x4.8 cnf cylindrical stainless steel cell fitted by a valve.
perature. The isothermal adsorption of N®@as then deter- The Grafoil sheets were arranged with their long axis parallel
mined by measuring the adsorbed voluMg,, versus the to that of the cylindrical container and with their axes
pressureP/P,. The data, displayed in Fig. 6, reveal a normal to it and along one radius of the cylinder. Isotopic
“knee” characteristic of the completion of the first atomic NO, (99%*°N) was allowed into the Grafoil cell; the amount

TABLE Il. Expressions for the effective temperatuBsand T, of the N atom along and normal to the
Grafoil planes for various configurations of the®} molecule with respect to the Grafoil planes.

Configuration T T,
Molecular plangl to G plane T+Ty/2 12
TZ:sth+%‘, S«
Molecular axisll to G plane (Ty+ T2 o
(standing molecule T,=ST+ > S
6

Molecular axisL to G plane (Ty+T)H/2 5
(standing molecule TX=SATI+E S
1
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FIG. 5. Resonance scattering cross sectiprof the 6324-keV FIG. 6. Vapor-pressure isotherm at 273 K for Narsorbed on

line [emitted by the®’Cr(n,y) reactior] versus the effective tem- a 1.73-g Grafoil sample contained in a 14%stainless steel cylin-
peratureT, of 1°N for a y-source effective temperatufig=475 K. der. The adsorbed volume of N@as corrected for the dead vol-
The parameters of the resonance scattering process which we usethe of the Grafoil cell. The amount of NQGorresponding to a
in the calculations ar€=I'y=2.9 eV (wherel’ andIl'y are the total monolayer completion is indicated.

and ground-state radiative widths of the 6324-keV leveliN);

6=29.5 eV is the energy difference between the peaks of the inci- IV. RESULTS AND DISCUSSION
denty line and the'>N nuclear level(after recoil correction The

Debye temperature of the Grsource was taken to be 473(Ref. A. Nature of the adsorbed NG,
15).

From the expressions df, given in Eqs.(10) and(12), it
is clear that the predicted scattering cross sections frim
of gas corresponded to a coverage of less than one moni a monomelNO,) form is markedly smaller than that of a
layer. This choice of gas coverage was made to avoid angimer (N,O,) form. This fact was used for identifying the
density compression of the gas film, as we expected the tikkdsorbed species of NOn Grafoil. To do this, we used as a
angle of the gas to change with increasing coverage. Theeference a sample of ammoriiaNH,) adsorbed on Grafoil
Grafoil cell was placed inside a variable temperat@@7 to  (at 90 K); its scattering intensity was then compared with
12 K) cryostat whose axis coincided with the geometricalthat of NO,-Grafoil (at 296 K contained in identical cells
axis of the sample and could be rotated from a positiowith the same amounts dfN and Grafoil. The effective
where the photon beam was parallel to theaxis of the temperature's for the above two samples are predicted to be
sample to a perpendicular geometry and vice versa. Thé60 and 674 K(for dimer adsorptio)) respectively, leading
background radiation spectrum was measured using an idet® scattering cross sectionsu;(NH;)=1.38 b and
tical stainless steel cylinder containing nonoriented graphiteg;(N,O,)=2.12 b whose ratio is 1.54. For monomer adsorp-
with the same weight and similar geometry as that of thdion, the predicted ratio is 1.02 becau$g(NO,)=463 K.
Grafoil sample. Those predicted ratios should be compared with a measured

The photon source in the present work was generatedross section ratioR.,,=1.50+0.06. This shows that at
from the(n, ) reaction on disks of metallic chromium placed room temperature, the NG@s adsorbed primarily in a dimer
along a tangential beam tube and near the core of the IRR@rm and not as a monomer.

(Israel Research Reactoy-A total of four disks of Cr was
used, each having a diameter of 8 cm and thickness of 1.5
cm. The photon beam thus obtained was collimated and neu-
tron filtered by passing it through a 40-cm-long borated par- The resonance scattering intensity versusT for 1®NO,

affin before hitting the sample. The resulting intensity of theadsorbed on Grafoil was measured; the results are displayed
6324-keV line was about fphotons/crfis on the sample in Fig. 3, which also shows previous data faure °NO,
position. taken from Ref. 12. Both data were taken aj-gaource ef-

For detecting the scattered radiation, two hyperpure Gerfective temperature]T =475 K. Note that thes, decreases
manium(HPGe detectors with efficiencies of 35% and 30% faster with T than pure NQ, which means that the
were used, set at scattering angles of 115° and 130° andO,-graphite binding is much weaker than that of the pure
distances of 20 cm from the geometrical center of the targetnolecules. Such data may be used for estimating the binding
The detectors were protected against the background of faptoperties of the N@graphite system by applying the as-
neutrons by covering them with a 1-cm shield of boratedsumptions made in Sec. Il B. In the latter case of pus©N
plastic. The intense low-energy scattered photons from théhe Debye temperature was dedu@ednd found to be
sample were reduced using a photon hardener consisting 6f/=315 K. In a similar manner, the results of Fig. 3 were
around 1 cm of lead. The-ray resolution of the system was used for deducing an “effective” Debye temperature for the
around 9 keV at 6324 keV. Other experimental details of theN atom in the NQ-graphite system. The results are consis-
system are described elsewhé&r8. tent with©~200 K, and much lower than that of pure®y,.

B. Temperature effect of the NO-Grafoil system
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This indicates that the JD,-graphite interaction potential is N, molecules increased relatively quickly with the tilt of
much weaker than the intermolecular potential in pusg®N  the N;O molecules remained almost stable between 12 and
250 K.
C. Tilt angle of adsorbed NO, ~In another system, in_which the HNOnolecules were
. _ o intercalated into graphit€/;'® two different situations were
The ratio R=0y/0;, of scattered intensities from the opserved. In the “normal” compount], C,o(HNO,), the
NO,-Grafoil system with the beam parallel and normal to theNQ, planar molecule was found to be nearly perpendicular to
graphite planes was measured at 12, 80, 175, and 296 K. ThRe graphite hexagonal planes, with a tilt of 88 while in
measured data, together with the values calculated for thghe “residue” compound?® C;5(HNO,), which is the more
three geometries, are shown in Fig. 4. It may be seen that owtable species of the former compound, the tilt angle was
data are in very good agreement with the calculated valuefound to be 13%5°. In the last two systems, no variation of
where the NO, molecule stands on the Grafoil surface with the tilt angle withT below 300 K was observed. Thus the
its N=N bond normal to the planes and that a huge deparbehavior of a standing molecule on graphite, observed in the
ture exists from the other two geometries. It also shows tharesent system, resembles that of the;N@lecules in the
this tilt angle is essentially the same throughout the entiré normal” graphite intercalated compound and differs from
temperature range between 12 and 296 K. From the medbat of the more stable “residue” compound.
sured error margin of the data shown in Fig. 4, we estimated

the corresponding uncertainty in the tilt angle of th V. CONCLUSIONS

molecule; the result is 96°6°. The result of Sjovalkt al. We have shown that the NRPS technique can be used for

carried out at 90 K and using the HREELS technique isthe determination of the chemical species of the molecules

consistent with that obtained in the present work. adsorbed on the graphite surface and we provided firm evi-
dence that the NQis adsorbed on Grafoil in a dimer form

D. Comparison with other systems and not as a monomer. In addition, we used the same tech-

nr[1ique to determine the temperature dependence of the tilt
dangle and the geometry of the dimer molecule with respect to
the graphite planes.

It is of interest to compare the tilt measured in the prese
work with similar studies on adsorption and intercalate
systems? For adsorbed gases such as &hd NO on
Grafoil, a similar measurement at 12 K, using the NRPS
techniquée’® yielded oj/o;, =1.64 and 1.32, respectively,
which showed that the adsorbed Bind NO molecules lay We would like to thank M. Fogel for technical assistance
very nearly parallel to the graphite planes and hence the b&nd help in taking the data. This research was supported by
havior of the latter molecules differs markedly from that of the German-Israeli Foundation for Scientific Research and
the present work. Furthermore, while the average tilt of theDevelopmen{(G.I.F.)
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