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Effective potential energies and transport cross sections for atom-molecule interactions
of nitrogen and oxygen
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The potential energy surfaces fop4l and N-N interactions are calculated by accurateinitio methods
and applied to determine transport data. The results confirm that an effective potential energy for accurately
determining transport properties can be calculated using a single predetermined orientation. A simple method
is developed to determine the dispersion coefficients of effective potential energies. Effective potential energies
required for Q-O collisions are determined. The,HN, N,-N, O,-H, and Q-O collision integrals are calcu-
lated and tabulated for a broad range of temperatures. The theoretical values gfithand Q-0 diffusion
coefficients compare well with measured data available at room temperature.
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[. INTRODUCTION port properties of the interactions of chemically active colli-

The transport properties of the interactions of hydrogension partners, which are very difficult to measure in the labo-
nitrogen, and oxygen are required for studies of certairratory.
hydrogen-burning propulsion systeris] and the environ- The atom-molecule interaction energies are described in
ment[2—4] of space vehicles. Atom-molecule transport co-Sec. Il. An Aufbau method for readily estimating the long-
efficients are needed for the stupy—7] of certain physical range coefficients of effective potential energies is described
and chemical processes. For example, the diffusion coeffin the Appendix. The application of the interaction energies
cients of oxygen and nitrogen have been used for the analyo transport data is contained in Sec. lll. Conclusions are
sis of etching 8] and depositiod9] processes and the mea- summarized in Sec. IV.
suremen{10] of the rates of chemical reactions.

The atom-molecule diffusion coefficients of nitrogen and II. ATOM-MOLECULE INTERACTION ENERGIES
oxygen have been measurftl] at room temperature and
can be determined at high temperatures from interaction en-
ergies that have been dedud&j12-14 from high-energy The geometry for atom—homonuclear-molecule orienta-
scattering experiments. Measurements for a small range afons is specified in terms of the separation distanée@m
energies or temperatures alone, however, are not sufficiemiie atom to the center of mass of the homonuclear diatomic
[15] to allow the determination of a unique interaction en-molecule, and the anglé between a line joining the atom
ergy for the prediction of reliable transport properties outsideyith the center of mass of the molecule and the molecular
the range of the experimental energies or temperatures.  symmetry axis passing through the nuclear centers.

The calculation of potential energies required for conven- PropertiesF(x, 6), such as the interaction eneryr, 6)
tional determinations of transport properties can be a veryr scattering cross sectiofis5] Q(E, 8) for collision energy
laborious task, especially, when a number of states of the, that are governed by the symmetry of an atom—diatomic-
system are needed to describe the scattering process. Mofigolecule can be represented by expansions in Legendre
over, these calculations become impractical for systems inpolynomialsP,,(cosé). For homonuclear molecules, the ex-
volving the interactions of large molecules, such as thosgansion can be expressed in the form
required for studying or modeling the deposition and etching
processes for the preparatiph6] of certain electronic de-
vices. To overcome this problem, we have applie] mo-
lecular symmetry to identify effective potential energies that
reduce the computational effort by a large factor and still For interactions involving hydrogen or rare-gas atoms that
yield accurate approximations to those transport propertiekave small anisotropy, the spherically averaged potential

scattering processes. Physically realistic effective potentiglight-hand sideRHS) of Eq. (1), can be approximated well

energies are important for the correlatifitv] of measured 15 18,19 by V(r,6,) at larger where the angl@, satisfies
data or the prediction of the transport properties of more

complex interactions using the Aufbau metHd] to obtain P,(cosfy)=0; (2)
the short-range interaction energy.

In the present work, we extend our atom-molecule studiese., §,=54.735610 3°. Even though the angular variation in
by determining the effective potential energies and the transv(r,#) may be large, transport cross sections tend to have a

A. Atom-molecule interactions

F(X,0) =n§0 F2n(X) Popy(COSH). (1)
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much smaller variation with respect th From the sudden
scattering approximations described below, it follows that
V(r,6y) can be considered an effective potential energy for 500 |

the approximate determination of transport cross sections. H=N
L o 0
B. H,-N and N,-N potential-energy surfaces ’8\ 400 30°
a
The H,-N and N-N rigid-rotor potential-energy surfaces ‘g . a5
are calculated using high-level quantum chemistry methods-‘:,:L 300 -

Specifically, a restricted coupled-cluster singles and doubles~ ° 60°
approach[20,2]] that includes a perturbational correction
[22,23 for triples[RCCSOT)] is combined with large basis
sets; the atom-centered basis sets are obtained from the autd
mented correlation-consistent polarized-valence quadrupleg 100 |
zeta(AQZ) of Dunning and co-workerf24—26. In addition,
for N,-N, we add[15] bond functions to the basis sets and
use the counterpoise methfi2l7] to remove basis set super-
position error(BSSB. Partridge and BauschlichE28] have
examined convergence for weak molecular binding; reliable  -1w0
values of the potential energy can be obtained with the bond:
function approach outlined above.
The values oW(r, #) are calculated for a broad rangerof
at the 6 values 0°, 30°, 45°f#,, 60°, and 90°. The HN
calculation also includes values for the angle 10°; in addi- I I I I
tion, some values at 80° and smallvere determined to test 5 6 7 8 9 10
the accuracy of the values predicted by an analytic potential- SEPARATION DISTANCE (a,)
energy fit to the data for the other seven angles. FoiNN
the BSSE corrections fov(r, ) at 45° and 60° were ob- FIG. 1. H-N potential-energy curves at largeThe data points
tained from the corrections from the other angles using Jepresent the calculated. resglts of the present work and the curves
procedure[29] for adding improvements from larger basis &€ determined from spline fits to the data.
sets to certain calculated energies. Some of our calculated
results for B-N and N-N are shown in Figs. 1 and 2, re- Table | for both H-N and N-N interactions. The determi-
spectively, for large. Note that the curves fov(r,6,) and ~ nation of leading terms of the higher-order valuesCaf, is
V(r) of NH,, which has small anisotropy, are nearly indis- déscribed in the Appendix. Tre(6) anda(#6) for determin-
tinguishable. ing the values_of Tabl_e I are obtained using the iterative
The calculated data fov(r,6) at larger can be fitted procedure that is described in REE5] and a least-squares fit
fairly well by a modified Tang-Toennies potential-energy

to the calculated data far=4.5a, andr =5.53, for H,-N
functionVy1(r,6). A general formulation o¥/,,7 for mo-  and No-N, respectively.
lecular interactions is described in R¢i5]; a simplified

200 | 90°

NERGY

POTENTI

-200 -

For applications such as scattering calculations that re-

form for atom-molecule interactions is listed here for conve-duire higher accuracy for at smaller where the interaction

nience. For homonuclear molecules, this potential-energ{® Not dominated by the long-range forces, we construct a fit
function is expressed by the sum using the polynomial expansion of E(l). We have shown

[15,33 that this can be accomplished very efficiently with
Vurt(r,8)=Vsgr,8)+Vpr(r,0) (3@ In[Vg(r,6)]; the uniform behavior of [Vg(r,0)] allows a
significant reduction in the number of data points required
where the short-range repulsive exchange en&fgy and  for an accurate fit.

the damped long-range attractive energy, g have the The values of the short-range energy
forms
c _\/C _
InVeur,0)=a(8)— a(O)r, (3b) VI, 0)=V(r,0)—VpR(r,0), 4
Con(6) where VO(r,0) represents the computed values and
VoLr(r,0)=—2 falal Orl—zn—- (30 Vp.g(r,0) is calculated using Eq3c) and the values of the

parameters from Table |, are shown in Figs. 3 and 4 fgiNH
The quantitiesa anda ~* characterize the strength and range,and N-N, respectively. Note that the near-uniform splitting
respectively, of the repulsive energy. The quantiag(6) of the solid curves shown in Figs. 3 and 4 indicates that the
are the coefficients of the long-range forces and the dampingngular variation in IVS(r,6)] is described primarily by
function f,,, is obtained 15] from an incompletey function.  P,(cos#).
The coefficients of quantities( 6), «(6), andC,,(6) for The coefficients of IVEr,6)] for the expansion in
the expansions iR, (cosé) specified by Eq(1) are listed in  P,,(cosé) of Eg. 1 are determined from a least-squares fit
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FIG. 2. N,-N potential-energy curves at largeThe data points
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FIG. 3. H,-N repulsive potential-energy curves at smallThe

represent the calculated results of the present work and the curvelata points are obtained from the calculated results of the present
are determined from spline fits to the data.

TABLE I. Expansion coefficients of the parametéiis atomic

units) for Vyr(r, 6).

0 2 4
H,-N
a 3.1348 -0.0074
a 1.80776 —0.04409 0.00633
Ce 17.014% 3.78°
Cs 314.9° 177.2°
Cio 7761°
Cio 2.55x10° ©
N,-N
a 5.0812 1.8661 -0.0197
a 1.85936 0.14671 -0.00578
Ce 41.96% 5.4149
Cs 1117¢ 8494
Cio 3.10x10° ©
Ci, 8.97x10° ©
3Referencd 30].
bReferencd 31].

‘Aufbau method of the Appendix.

dDetermined from combination rules of RE82] as described in the

Appendix.

work as described in the text; the curves are determined from spline
fits to the data points. The curves obtained frafm) andV/(r, 8,)

are nearly indistinguishable as expected from the comparison of
Fig. 1.

and are tabulated in Tables Il and Il for,HN and N-N,
respectively. As shown in Table §"2N(9) has almost no
angular variation; hence, according to Egb), the coeffi-
cienth'Z'N(r) of P,(cos#) for In[VggN(r,a)] is nearly lin-
ear inr. On the other handgN2™N(6) exhibits a much stron-
ger angular variation compared to thatait2N(6); in this
case, the coefficierﬁgz'N(r) has only a small radial varia-
tion at the intermediate values ofshown in Table Ill. At
smallr, V(r, 6) falls off more rapidly with decreasingthan

a simple exponential function; a similar behavior was found
[33] for N,-N, interactions in the T configuration. As shown
in Table 11, this behavior is accompanied by a sharp rise in
the number oP,,, required to describe [WS((r,6)] for small
values ofr.

The values ofV(r, ) that are obtained from the sum of
VsK(r,0), determined using the coefficients of Table Ill, and
Vpr(r, ), determined using Eq3c) and the coefficients of
parameters listed in Table I, agree with our corresponding
values ofVE(r,6) to at least three significant figures when
VE(r, ) is expressed iuEy,.

C. 0,-H and O,-O interaction energies

The collisions involving a molecule of oxygen are more
complex than those for nitrogen discussed above. Two states

042722-3



JAMES R. STALLCOP, HARRY PARTRIDGE, AND EUGENE LEVIN

PHYSICAL REVIEW A4 042722

TABLE lIl. Expansion coefficients of [WVEdr,6)] for N,-N and
VEgin Ey.
_ o RN BN FRNin RN RN
g’ 3.50 -2.1150 0.4971 0.3047 0.1801 0.1003
_§ 400 -2.7154 07959  0.1114  0.0575  0.0300
‘>-_’ 10 450 —-3.4729 0.9197 0.0424 0.0105 0.0054
8 5.00 -4.3047 0.9626 0.0147 0.0004
% 550 -5.1763 0.9733 0.0022
g 6.00 -6.0755 0.9631 0.0011
f:( 6.25 -6.5335 0.9499 0.0038
,_,Z_, 6.50 -6.9960 0.9304 0.0087
S 6.75 -7.4625 0.9036  0.0157
N 7.00 -7.9320 0.8682 0.0249
= 10 750 -8.8753 0.7640  0.0497
é 8.00 -9.8108 0.5972 0.0804
&
The O,-H potential energy surfaces have been determined
[29] using multireference configuration-interactioMRCI)
calculations with AQZ orbital$24—-26 and a multireference
s analog of the Davidson correctidr34,35 to estimate the
10° ! ! ! ! ! effect of higher excitations. A more detailed description of

45 5 5.5 6 6.5 7 7.5 the computational methods can be found in R2€].
A similar calculation is performed to determine thg-O

SEPARATION DISTANCE (a,)

interaction energies. For each spin,

a state averaged

FIG. 4. N;-N repulsive potential-energy curves at smmallfhe ~ complete-active-space self-consistent fighSSCH calcu-
data points are obtained from the calculated results of the prese#tion with the oxygen P orbitals active is performed for the

work as described in the text; the curves are determined from splinéree spin states. The full CASSCF wave function is used for
the reference space in the internally contracted Cl where the

fits to the data points.

core contains the d orbitals. An AQZ basis sdi24-24 is
used. At larger, the spin-orbit interaction is important; the

of the HQ, molecule are required to determine transportenergies of the coupled angular momentum states required

properties of the @H interaction instead of a single state as for low-E scattering calculations might be obtained from the

in the above nitrogen interactions. Nine states are required tenergies of the present approach by adapting a transforma-

treat Q-O collisions when the atom and molecule are intion [36,37] derived for atom-atom interactions. In this work,

their ground states.

TABLE Il. Expansion coefficients of [Wg{r,6)] for H,-N and
VERrin Ey,.

however, we focus on the transport properties at the higher
temperatures where the spin-orbit interaction can be ne-
glected. The spin-orbit contribution to transport properties at
low temperatures is discussed in R8].

The calculated results at largare shown in Fig. 5 for the

orientation described by,. The calculated result fov,(r),

Hy-H Hy-H Hy-H
r For () F27(r) F,2(r) defined to be the average of th8(r, 6,) for each state of
O3 when weighted by the state degeneracy fagtoris also
3.00 —2.7036 0.0331 0.0083 3 . .
3.50 34150 01017 —0.0024 shown in Fig. 5. Note that the"(r, 6,) for eight of the states

4.00 —4.1925 0.1478 —0.0037 hence, the value o¥,(r) is determined primarily by the
4.50 -5.0193 0.1767 -0.0054 high-spin repulsive states.

5.00 —5.8847 0.1983 —0.0081 The contribution from a repulsive state to the transport
5.25 —6.3303 0.2083 -0.0097 properties is expected to be determined reasonably well from
5.50 —6.7844 0.2185 -0.0117 the effective potential represented Wyr, 6y). The interac-
5.75 —7.2472 0.2297 -0.0147 tion energy for the lowest-lying singlet-spin state is large and
6.00 —7.7193 0.2439 —-0.0192 the molecular complex is strongly bound; however, since the
6.25 —8.2022 0.2635 —0.0258 cross section for this state is weighted by only 27037,
6.50 _8.6988 0.2910 _0.0338 the error introduced in transport data from representing this
6.75 ~9.2136 0.3282 —0.0427 state byV(r, 6y) is considered to be insignificant.

/.00 —9.7540 0.3792 —0.0535 D. Effective potential energies

7.25 -10.3325 0.4569 -0.0717

7.50 —~10.9770 0.6004 —0.1154 We now determine an effective potential enekggﬁ'o(r)

042722-4
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Ry TABLE V. Parameters folVy(r).
800 | b :
Dol Interaction a A) €l k (K)
1500 | Theory
_ H 0,-0 H,-N 3.017 56.9
] H N,-N 3.349 90.1
£ 00r Ly 0,-0 3.205 80.7
-’g I'.‘. ceGetae SINGLET 2 : :
3 00 - sxee-e-- TRIPLET Experiment
5 L —e—e—— QUINTET N,-N 3.312 782
% 600 L 02-0 2.882 1542
i —— AVERAGE No-N 3.33° 102°
- C c
§ 500 L 0,-0 3.38 107
% %Referencd 11].
a of bReferencd41].
ERR " NN ‘Referencd42].
¥ b {
-300 mental values for @O interactions are not, however, reli-
% able. As pointed out in Sec. |, the fit of the interaction energy
—600 | » of Ref. [11] to the diffusion measurements is not unique;
'*:. furthermore, the above two potential parameters could not be
et determined uniquely in Ref42] since no structuréoscilla-
. ; “6’ ; ; tory behavioy was observed in the measured scattering cross

section.
The V¢(r) at smallr of the present calculations are com-
pared with some previous results that have been derived

represent the calculated results of the present work for the @ggle from m.easured data in Figs. 6 and 7 f.OE'N and. Q-0, .
The dotted, dashed, and solid curves identify the@molecular respectively. The Lennard-Jones potential energies obtained

states with spirS=1/2, 3/2, and 5/2, respectively. The dash-dotted[ 1] from diffusion measurements at room temperature agree
curve is obtained fronv,(r) as described in the text. fairly well with the present results at intermediatebut pre-

dict too much repulsion at small(which is characteristic of

the short-range form of the chosen potential-energy func-
tion). The potential energies deduced from high-energy scat-
tering measurements have a weaker repulsion than those of
the present calculations at smalteiThe values of the expo-
nential potential of Riabo{2] are slightly larger and close to
the corresponding results of of Cubley and Mas4] for

N,-N and G-O, respectively. The large uncertainty in the

, i transport coefficients determined from scattering interaction
above, yields a better choice fof(r) at smallr when the  ghergies s llustrated by the comparison of the results of

repu_lsive potential parameters @{r) for the dominant re- Belyaev and Leondd2] with those of LeonagL3] shown in
pulsive states have about the same values. A more accur 7

determination ofV(r) follows from the treatment of mul- The comparisons of the interaction energies shown in

tiple repulsive interactions in Ref40], but it is not consid-  £igs 6 and 7 indicate that the transport coefficients of Refs.

ered necessary for this work. From the results of the preserﬂg] and[3] for N,-N and of Ref[3] for O,-O are too large at
work described in the following section, we find that a suit—high temperatures.

able choice for\/gz'o(r) consists oiV¢(r) andV,(r) whenr

SEPARATION DISTANCE (a,)

FIG. 5. O,-O potential-energy curves at largeThe data points

comparison with th&/,(r) obtained by previous work. From
the form[15] of the phase shiftgy, for large values of the
guantum numbel, one expects tha¥,(r) would be a rea-
sonable choice fov(r) at small values oE. From the form
of collision integrals derived by Monchidid9] for an expo-
nential potential, one expedtd0] thatV4(r), obtained from
the degeneracy-weighted average ¢¥ffr,d,)] as described

is smaller or larger, respectively, than aboai5 IIl. TRANSPORT COLLISION INTEGRALS
The two parametersr [separation distance for which AND PROPERTIES
V(o) = 0] and the well depthe, which are required for . )
practical applications using a universal formulat{ds] for Scattering calculations
transport properties, are determined froa(r) and are The scattering cross section is calculated using the sudden

listed in Table IV. The values of the parameters were deterapproximation of Parker and Pag43], which was derived
mined fromV(r,6,) for H,-N and N,-N interactions and using both centrifugal and energy sudden approximations.
from Vy(r) for the G,-O interaction. Our theoretical values We have shown that this sudden approximafid8] yields
are also compared with results that have been derived frorA-H, collision integrals that are accurdt9]; i.e., our cal-
measured data in Table IV. The theoretical and experimentajulated values of the diffusion and viscosity coefficients
results agree fairly well for NN interactions. The experi- agree with the corresponding results from close-coupling cal-
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3.5 4 4.5 5 5.5 6 6.5

SEPARATION DISTANCE (cuo) SEPARATION DISTANCE (00)
FIG. 7. Effective potential energies for the interaction of an

: . atom and molecule of oxygen at smallThe solid curve is deter-

atom and molecule of nitrogen at small The solid and dotted .- fromV(r). The dot-dashed, dotted, dashed, and long-short-

curves represen/(r, o) and V(r), respectively. The dot-dashed qaghed curves are obtained from the interaction energies of Refs.
curve is obtained from the interaction energy of Rfl]. The [11], [12], [14], and[13], respectively.

lower, intermediate, and upper dashed curves are obtained from the
interaction energies of Reffl3], [14], and[2], respectively.

FIG. 6. Effective potential energies for the interaction of an

For single-state interactions, the cross sect@;@E) that

) o ) o would be observed in the laboratory are obtained from an
culations to _W|th|n 1%. The the_oretlcal diffusion agrees V‘{ellintegral[18] of Q,(E, #) over all orientations. Multiple-state
[15,18,19 with the corresponding measurements for unlike.

- - . : . interactions require an additional calculaticﬁ,;](E) is ob-
collision partners. Similarly, the theoretical viscosity agrees. .. -4 from the average of the cross section for each state
well with the measurements for,H, [19,44] and N-N, 9

[15] weighted by theg factors. For GQ-H, the cross section for

A quantum mechanical description is used to determineeaCh state is determined separately from an integration over

the scattering in the central fieM(r, ) for the orientation all o_rlentatlons, but for G0, as mer_moned above, the cross
specified byd. The values of the phase shijt(E, 6) for this sections for each state are determined from\”(‘.‘-" 0o) for
orientation ar.e calculated at lowerfrom a nurﬁerical inte- that state. The collision integrals are determ.med. frqm an
gration of the Schininger equation, using the method pre- average[48] over a Maxwell-Boltzmann velocity distribu-

sented by Leviret al. [45]. A semiclassical methof#6] is tion; 1.e.,
used to determiney (E, 0) at E above a threshold enerdy
where the difference in the cross sections between the two Q,(T)= F(n.s) fxe—E/KTEs-%—la (E)dE  (6)
methods does not exceed 0.3%. e 2(kT)52 ), "
The transport cross sectiofs,(E, 8) for each orientation
are determined from the phase shifts by the sum where « is the Boltzmann constant arfei(n,s) is a hard-
sphere factof47].
The calculated values of), ¢(T) are listed in Tables
V-=VIII; the tabulated quantities allow the transport proper-
(5) ties of a mixture to be determined to second orfdis].
The calculated values of the interaction viscosity integral
Q, AT) are compared with the corresponding values calcu-
wherek is the wave number, and the allowed values'@fre  lated from two candidates for an effective potential energy in
even or odd according to the parity @fThe coefficient®!,,  Fig. 8 for H,-N and N,-N. Note that when the anisotropy is
can be determined from recursion relatigi3]. small, as for H-N interactions, the results obtained from

4 © n
QE ="z = X a, i 71.,,(E.6)~ (E.0)]

042722-6
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TABLE V. H,-N collision integrals (&).

T (K) Oy, Q1 Q13 Q4 Qs Q35 Q3 Py Q33

100 9.61 8.40 7.79 7.41 7.12 10.61 9.66 9.11 9.04
150 8.38 7.54 7.08 6.75 6.49 9.34 8.70 8.29 8.11
200 7.73 7.04 6.62 6.33 6.09 8.68 8.16 7.81 7.58
300 6.97 6.42 6.05 5.77 5.55 7.94 7.52 7.21 6.95
400 6.51 6.00 5.66 5.42 5.21 7.46 7.09 6.84 6.54
600 5.93 5.47 5.19 4.89 4.65 6.90 6.57 6.27 6.02
800 5.54 5.09 473 4.52 4.35 6.49 6.10 5.89 5.57
1000 5.24 4.81 4.50 4.25 4.05 6.20 5.87 5.61 5.34
1500 4.72 4.31 4.00 3.75 3.54 5.66 5.33 5.06 4.82
2000 4.37 3.95 3.64 3.40 3.20 5.28 4.95 4.69 4.45
3000 3.87 3.46 3.16 2.92 2.72 4.75 4.42 4.16 3.95
4000 3.52 3.11 2.82 2.59 241 4.36 4.04 3.79 3.59
6000 3.03 2.64 2.36 2.14 1.94 3.84 3.53 3.25 3.11
8000 2.70 2.32 2.04 1.83 1.66 3.46 3.12 2.86 2.75
10000 2.45 2.08 1.81 1.61 1.44 3.16 2.83 2.57 2.48

V(r,8,) andV(r) are nearly the same. On the other hand, forflo, however, provides a fairly good approximation(g , as
N,-N interactions with large anisotropy, the result ﬁrr) is shown in Fig. 9 and requires a relatively small computational
slightly larger than that foN/(r, 6,). Past studies have usu- ffort. Further note that the values 0, , for O,-O agree

ally usedV(r) to constructV.(r) from measured data; how- CSL'.O(‘;V)”“ the corresponding  values - determined from
ever, the values oY (r) taken fromV(r,d,) are preferable “e ' ) ) , i
since they provide a more accurate approximation to the 10 focus on the physics of the interaction, we examine the
transport properties and also require less computational eféduced binary diffusion coefficieij#4,49 defined by
fort.

The calculated values d, 4(T) are shown in Fig. 9 for D*(T)=10"T 34 2u)2D(T) (7)
0O,-H and Q-0 interactions. The value d2, 5(T) for O,-H
is also determined from thé(r, 6,) that are calculatefP9]  wherep is the reduced mass. Valuesf (T) are shown in
for each of the two required scattering states and shown ifigs. 10 and 11 for EN and Q-O, respectively; the calcu-
Fig. 9. This result is expected to be less accurate than that fdated values compare reasonably well with the corresponding
0,-0 collisions since the value af for the strongly bound results obtained from room temperature experiments. In par-
ground state of @H is about an order of magnitude larger ticular, we show the results of Rdfl1], which are consid-
than that for Q-O discussed above. Note that thg(r) from  ered[52] to be the most reliable. Similar to the result found

TABLE VI. N,-N collision integrals (X&).

T (K) Q4 Q1 Qi3 Q4 s Q5 Qo3 Qa4 Q33

100 15.04 12.70 11.45 10.70 10.16 16.56 14.65 13.43 13.76
150 12.65 11.02 10.17 9.63 9.24 13.94 12.59 11.77 11.86
200 11.41 10.15 9.47 9.04 8.72 12.58 11.57 10.95 10.87
300 10.10 9.20 8.69 8.31 8.04 11.21 10.52 10.05 9.85
400 9.39 8.63 8.18 7.89 7.64 10.47 9.92 9.57 9.26
600 8.57 7.96 7.58 7.25 6.98 9.68 9.23 8.88 8.58
800 8.08 7.50 7.08 6.83 6.68 9.17 8.70 8.45 8.04
1000 7.70 7.17 6.80 6.52 6.28 8.81 8.42 8.13 7.79
1500 7.07 6.58 6.22 5.93 5.69 8.19 7.81 7.51 7.19
2000 6.65 6.16 5.80 5.52 5.28 7.76 7.38 7.09 6.76
3000 6.06 5.59 5.22 4.93 4.68 7.16 6.79 6.50 6.18
4000 5.65 5.15 4.79 451 4.26 6.73 6.39 6.13 5.74
6000 5.05 4.56 4.17 3.83 3.50 6.18 5.82 5.50 5.14
8000 4.61 4.09 3.67 3.32 3.05 5.74 5.33 4.98 4.67
10000 4.25 3.71 3.28 3.02 2.73 5.36 4,92 4.54 4.31
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TABLE VII. O,-H collision integrals (&).

T(K) Oy Q1 Q13 Q4 Qs Q35 Q3 Py Q33

100 9.79 8.65 8.03 7.62 7.30 10.84 9.98 9.44 9.34
150 8.60 7.76 7.25 6.88 6.60 9.64 8.99 8.55 8.38
200 7.93 7.20 6.75 6.43 6.18 8.95 8.41 8.03 7.81
300 7.12 6.53 6.14 5.85 5.59 8.16 7.71 7.38 7.12
400 6.63 6.08 5.70 5.44 5.21 7.66 7.25 6.96 6.67
600 6.04 5.50 5.17 4,91 4.70 7.04 6.68 6.39 6.11
800 5.58 5.12 4.81 4.60 4.45 6.61 6.25 6.02 5.73
1000 5.27 4.88 4.58 4.37 4.18 6.32 5.99 5.74 5.48
1500 4.81 4.41 4.11 3.85 3.63 5.78 5.44 5.15 4.97
2000 4.45 4.05 3.74 3.48 3.27 5.38 5.02 4.72 4.57
3000 3.96 3.54 3.22 2.97 2.76 4.80 4.44 4.16 4.02
4000 3.59 3.17 2.86 2.63 2.44 4.38 4.04 3.78 3.63
6000 3.09 2.69 2.38 2.15 1.94 3.84 3.50 3.23 3.13
8000 2.74 2.34 2.05 1.82 1.65 3.45 3.10 2.83 2.74
10000 2.47 2.08 1.80 1.60 1.43 3.14 2.80 2.54 2.47

for the viscosity in Fig. 8, we find tha¥(r,6,) is a good fort; the 6, orientation is especially important for collisions
V(r) for determining the diffusion for the interactions with with large molecular anisotropy. Our calculated-N and

N,. Consistent with the comparisons of Figs. 7 and 11, oneD,-O diffusion coefficients agree well with the correspond-
finds that our present calculations indicate that the exponenng measurements from low-temperature experiments, but
tial potential energy of Refl14] provides a suitablé/,(r)  we find that our high-temperature transport coefficients are
for predicting the Q-O transport properties for a wide range considerably smaller than some estimates that were recom-

of high temperatures. mended for aerospace studies prior to our work.
An Aufbau method for determining the dispersion coeffi-
V. SUMMARY AND CONCLUSIONS cients of effective potential energies from the data for other

interactions is developed and applied to obtain higher-order

The potential-energy surfaces for the interactions of a nicoefficients for the atom-molecule interactions of hydrogen
trogen atom with the diatomic molecules of nitrogen andand nitrogen.
hydrogen are calculated using high-level quantum chemistry Transport data for @H are calculated and compared with
methods. The transport collision integrals have been calcuhe prediction obtained from thé, orientation. The @O
lated from these interactions and used to confirm that amteraction energies are calculated for the orientation of
effective potential energy determined from thgorientation  all the O, states required for collision studies and applied to
yields accurate transport data with a small computational efdetermine transport data. Our results agree well with both the

TABLE VIIl. 0,-O collision integrals (&).

T (K) Oy Q1 Q3 Q14 Qs Q5 Q3 Qo4 Q33

100 13.68 11.81 10.55 9.67 9.12 15.31 13.58 12.30 12.71
150 11.58 9.98 9.15 8.59 8.24 12.70 11.51 10.68 10.79
200 10.32 9.15 8.46 8.04 7.73 11.49 10.49 9.87 9.84
300 9.10 8.20 7.69 7.33 7.07 10.13 9.43 8.96 8.82
400 8.39 7.64 7.21 6.91 6.67 9.39 8.83 8.49 8.23
600 7.58 6.99 6.66 6.30 6.05 8.61 8.18 7.87 7.66
800 7.09 6.55 6.15 5.87 5.62 8.13 7.71 7.42 7.09
1000 6.74 6.21 5.84 5.55 5.31 7.78 7.39 7.09 6.78
1500 6.11 5.62 5.27 5.00 4,78 7.15 6.77 6.46 6.20
2000 5.70 5.23 4.89 4.64 4.45 6.71 6.33 6.02 5.80
3000 5.15 4.71 4.40 4.16 3.97 6.09 5.72 5.43 5.25
4000 4.78 4.36 4.07 3.85 3.68 5.67 5.32 5.07 4.87
6000 4.29 3.90 3.64 341 3.22 5.13 4.86 4.58 4.39
8000 3.96 3.61 3.32 3.10 2.92 4.78 4.45 4.23 4.03
10000 3.71 3.35 3.08 2.87 2.70 4.50 4.20 3.95 3.79
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FIG. 8. The values of), ,(T) in units of A as a function of FIG. 10. The value opD* (T) as a function of temperature in K

temperature in K for collisions of the molecules of hydrogen andfor the collisions of molecules of hydrogen and nitrogen with nitro-
oxygen with oxygen atoms. The solid curves are obtained frongen atoms at a pressure of 1 atm. The dashed curve is obtained from
Tables V and VI. The dashed and dotted curves are determined froM(r, 6); for H,-N, this curve is nearly hidden by the solid curve.
V(r,6,) andV(r), respectively; for H-N, these curves are nearly The data point is obtained from the diffusion measurements of Ref.
hidden by the solid curve. [11] for Na-N.

low-temperature diffusion measurements and the transport
data determined from the potential energies deduced from
high-energy scattering measurements. Furthermore, our re-
sults indicate that the effective potential energies determined
from the 6, orientation yield accurate transport data for
multiple-state collisions when the scattering is dominated by
the repulsive states.
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VISCOSITY

APPENDIX: AUFBAU DISPERSION COEFFICIENTS

The spherically averaged long-range coefficiebis are
sufficient for determining the long-range force fufy(r)
specified by thed, orientation for atom-molecule collisions
or thedd’ [15] orientation(the polar angles are specified by
0o and the azimuthal angle i8/2) for molecule-molecule
interactions. Fortunately, the scattering calculations de-
scribed above do not require highly accurate values for these
coefficients. Likewise, approximate values ©f,, are suffi-
cient for determining the short-range interaction Y&(r);

FIG. 9. The values of,{T) in units of A as a function of ie., usin_g Eq(4)_f0r atom-molecule interaction_s or the_- cor-
temperature in K for collisions of the molecules of oxygen with €Sponding relatiof15] for molecule-molecule interactions.
hydrogen or nitrogen atoms. The solid curves are obtained froni? general, the calculation of the coefficients requires a large
Tables VIl and VIII. The dashed curve is determined frogn, 6) ~ cOmputational effort. We outline an Aufbau procedure that
for O,-H and the dot-dashed curve is determined from\lﬁé’o(r) may allow theC,, to be readily estimated from an incom-
described in the text. plete data base for the coefficients; e.g., when the higher-

TEMPERATURE (K)
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where we have defined the quantities

1/ 1 1
b T _
il ) v
1a®
a:—_
4 5 (A30)
1ab
b_—
=z (A39)

andq is the quadrupole polarizability.
If c32~cl™, then Eq.(A3) reduces to the simple relation

cg'b=%(c§'a+ cob). (A4)
Furthermore, the average of the quantities on the RHS of Eq.
(A2) can be replaced by the geometric mean of the corre-
sponding quantities and E@A2) yields a rigorous upper
bound[55,56 to CZ®. In addition, if c3@~c5®, then the
dispersion coefficients for botn=3 and 4 are approxi-
mately related by expressions of the form

for the collisions of molecules of oxygen with oxygen atoms at a

pressure of 1 atm. The solid curve is calculated from the values of

V(r,6) for all the states of the £O molecule. The dot-dashed
curve is obtained from thelgz'o(r) described in the text. The
dashed curve is calculated from the interaction energy of [Rdf;
the dotted curve is obtained from tabulation of H&0]. The data
points are obtained from the diffusion measurements of Ra1g.
and[51].

orderC,,, for atom-atom and molecule-molecule interactions

are known, but values for the atom—molecdsg, are not
available. We determine values for the atom-moledDig

Con = P35, Cor~(P5,)C5 (A5)
where the Aufbau factor@o lowest order are
b
o
PP~ - (AB)

When thec,,, for a family of interaction systems have about
the same value, e.g.,

- b-b -
ana% CZn ~ anc ’ (A7)

needed for the hydrogen-nitrogen interactions of the presefhe Aufbau factors are related by

work.
Kramer and Herschbadlb3] have derived combining re-
lations that allow the values @&,,, for unlike interactions to

P =P3 POy (A8)

be determined from the values for like interactions. Defining Mulder et al. [57] have found a number of combining

a reduced coefficient

ca®
- n
3= gl (A1)

wherea is the dipole polarizability, their combining relation
for n=3 has the simple form

1
2
The rms error in theCg obtained from Eq(A2) was exam-
ined [54] for over 200 interactions and found to be only

about 0.5%. Fon=4, their combining relatiof53] can be
written as

1

2

1

=
Ce

1

1
—a T . A2
ey e

b—b
Cg

Cg-a
1+ 5g~b§bc§*b (A33)

1 _ %,bgacg—a

cab=

relations| Egs.(34) of Ref.[57]] that are useful for obtaining
approximate values o€, for various molecular interac-
tions. For example, their relations specify that b@lgib and
C3P for unlike interactions are obtained from the geometric
mean of the coefficients for the like interactions as described
above. Using relationA5) and (A6) for n=5, one obtains
relation (A4) from their combining relation foCg. Further-
more, relationgA5) for n=5 can be obtained from the ap-
proximation (Sec. 1B of Ref.[58] to P,y developed by
Thakkar[58] when theC,,, for n<4 satisfy relationgA5).
Hence, we assume that relatio@5) are valid also fom
=5 when they hold fon=3 and 4.

We find that the Aufbau relation@\5) and (A8) provide
an excellent correlation of the accur#lg, for the family of
interactions formed from hydrogen and rare-gas atoms. In
the following application, we examine the correlation of the
known C,, of the family of interactions formed from the
atoms and molecules of hydrogen and nitrogen and deter-
mine the atom-molecul€,, for the three interactions with
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TABLE IX. Aufbau factors for the interaction of hydrogen and and predict the atom-molecu®,,, fairly well. For example,

nitrogen. the rms error inC4 obtained fromC§™*, using the Aufbau
TN o Y factors of Table IX and the building-up relations illustrated
n Pan Pon Pon by Eq. (A9), for the other nine members of the hydrogen-
3 1.91 1.36 245 nitrogen family is only about 1%. The value ﬁgz'N ob-
4 1.92 1.31 3.46 tained using the Aufbau method described above is less than
5 1.92 1.22 4.04 1% smaller than the value &g calculated by Hettema and
Wormer[31] using a time-dependent coupled Hartree-Fock
method.

the largest masses. For convenience of applications, note \We have determined the values of the coefficients of the
from Egs.(A5) that the Aufbau factors can be considered toatom-moleculeC,,( ) for an expansion irP,,(cosé) when

be exchange operators, e.g., the effect of multiplying by they=3 and 4 from the combining relations of Fuagtsal.[32],
factorP3y is to change particla into particleb. Note further using the atom-atom and molecule-molecule data described
from Eq. (A8) that the values o€, for all members of the above. The molecule-molecule values tabulatedGgy in
hydrogen-nitrogen family can be obtained from the values othe space-fixed frame are transformed to the body-fixed
C;'r;H,Which have been calculat¢88] very accurately, when frame using the formulation of Ref66]. Our results are

a few values of the Aufbau factors are known. For examplecontained in Table I: the values obtained @IZ'H andESZ'N

from relations(A5) and (A8), the N-N, atom-molecule dis-  4re ahout the same and 3% larger, respectively, than the cor-
persion coefficient can be approximated from the CO”StrUCFesponding values obtained from the Aufbau method. The
tion determination ofCg from the combining relations of Ref.
) . . Nt [32] is relatively difficult since the solution of five nonlinear
Cglnsz P;? NZPSnHZPgnNCSn i (A9) equations is required; the above comparisons are useful for
) o assessing the validity of the results obtainedGgr Further-
The required values df,, can be extracted from a limited mgre, the comparisons also indicate that the corrections from
Can data base using Eq$AS); however, we find that the  , andq (including the required componeht® the Aufbau
accuracy of theC,, obtained from the Aufbau method is yajye ofCg4 are small, i.e., their contribution G5 is nearly
improved by increased size and quality of the data base. accounted for by the Aufbau method.
The values ofP3? for the unlike interactions appearing The values of atom-molecul€,, obtained fromCH; ™
on the RHS of Eq(A9) are determined from th€,, data  and the Aufbau factors of Table IX are listed in Table I. We
available for H-H interactions and from the atom-atom and gre not aware of other values for comparison; however, the
molecule-molecule interactions of hydrogen and nitrogenknown data are correlated fairly weile., the rms value for
the results are listed in Table IX. The values@j"ﬁ'H have the differences between the Aufbau valuesQaf, obtained
been calculated accurately by Bishop and Pigp® and by  from CT(;H and the data described above for the other two
Meyer, reported in Ref60]. Accurate values oEg for all 10  atom-atom and the three molecule-molecule interactions is
interactions of the hydrogen-nitrogen family have been deabout 2%.
termined from measured data by Meath and co-workers Higher-orderC,, can be estimated from recursive rela-
[30,61,63. The data for the higher-ordeZ,, of the other tions[58,68; e.g.,
interactions are less accurate than those described above be-
cause of uncertainties introduced by the methods of calcula- cab ,=(cab cabyscar , (A10)
tion. TheC,, of atom-atom interactions are taken from Table
V of Ref. [63]. The C,, for molecule-molecule interactions for n=4. When the lower-orde€,, satisfy relations(A5)
have been calculated for,HH, [64,65, N,-H, [66,67], and  the higher-order Aufbau factors can be obtained from
N,-N, [66,67]. The values ofP,, listed in Table IX for ab ab aby3mab
atom-atom and molecule-molecule interactions are the aver- Pan+a=(Panio/P2q ) Pon_s. (A11)
age of the two values obtained using EGS5). _
We find that the values of Table IX provide an adequateEquation(A10) is used to obtain the values 6f;, that are
correlation of the atom-atom and molecule-molecule datdisted in Table | from the values dof,, for n<5.
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