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1. Introduction

Since the first reports of high resolution microwave

spectra more than thirty years ago, the microwave specira
of hundreds of molecules have been examined. By far the
most common aim of these studies has been the determina-
tion of geometrical structural parameters—internuclear
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distances and angles and nuclear conformations—by
analysis of molecular rotational constants. At the same
time, precision uv-visible, infrared, and Raman spectro-
scopy have yielded valuable structural results on relatively
small molecules, and more recently molecular beam
reasonance methods have played a small but important
role. This report is a critical evaluation and compilation
of gas-phase structural data for polyatomic molecules
determined by these techniques. The literature surveyed
in this work covers largely the time period from the late
1940’s through 1976 and approximately half-way into 1977.
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620 HARMONY ET AL,

The eritieal sk of supplyving the necessary bibliographic
supporl has been performed by the National Bureau of
Standards, although' the Londolt-Bornstein tables [1, 27T
have slso been useful in locating pertinent literature. We
have tried to include in this survey all polyatomic molecules
for which reliable siructural data are available for the
ground electronic state from spectroscopic studies. Omis-
sions have surely occurred, but it is hoped that they have
been held to a minimum.

In the early stages of this project, it had been planned
to include diatomic molecules as well as polyatomies. Sub-
sequently, several factors led to the omission of this phase
of the evaluation. First, Lovas and Tiemann [3] have re-
cently published a critical review of the spectral data of
all those diatomic molecules studied by microwave tech-
niques up to 1974. Secondly, Herzberg and Huber [4]
have near completion a comprehensive review of diatomic
molecules which will up-to-date the spectral and molecular
properties presenied in the earlier tables of Herzberg [57.
Since diatomic molecules are of fundamental importance
as the cornerstone of struciural chemisiry, and often
provide an important point of comparison for polyatomic
molecules, a selection of diatomic distances has been in-
cluded in an Appendix to this work. In order thai ncurly
all microwave structures might be available in a single
source, the Appendix includes all those molecules reviewed
by Lovas and Tiemann [3]. Other molecules have heen
selected for inclusion primarily on the basis of their yole
as prototypes for the structural units of polyatomic mole-
cules.

Previous compilations containing gas-phase structural
data of polyatomic molecules include the tables by Sutton
[62, Appendix VIII of Gordv and Cook [77], and Appencix
VI of Herzberg [8]. The most recent compilation is that
of Callomon et ul. [27 covering gus-phase spectroscupic
and diffraction data. For diatomic molecules, in addition
to the sources mentioned in the previous paragraph,
struciural data have been compiled by Rosen [97] and have
also appeared in the JANAL Thermochemical lables [10 |.

The primary aim of the present work is the eritical
evaluation and compilation of reliable structural data
according to a set of relatively well-defined guidelines. The
evaluation procedure is described in more detail in subse-
quent sections, but in general it results in the inclusion of
only those struetural resulis that are veliably determined by
experimenial data and are free of ussumptions, intuition,
and analogy. For the most part, this means that only those
polyatomic molecules for which more than one isotopic
specics has been studied are included. Exceptions include
cases for which unambiguous and non-trivial conforma-
tional information could be obtained from a study of only
one species.

A second important aspect of the work is that every
distance or angle reported has been classified according to
a consistent set of operational definitions of the methods of
analysis by which the parameters were obiained. These
defimitions (., ro, etc.) are described in detail in the

Pliemes o baaeke s indieate Hiterainre seierences at the end of section 5.
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fullowing section. Uncertainties in the reported paramelers
have been rcassessed Dy the reviewers and reported
aceording ta a consistent scheme. Finally, when it appeared
to be necessary, distances and angles have been recalcu-
lated from the reported rotational constants or {rom the
spectra. Because there are many possible slight variations
in methods of analysis, reported parameters were replaced
by recalculated ones only when the two sets differed by
amounis outside the eslimated uncertainiies.

The format for the presentation of the structural data
has been chosen for clarity and simplicity. Distances have
been reported in a (100 pm) units with no more than
three decimal digits. This choice is a result of the fact that,
except for a relatively small number of polyatomic mole-
cules, experimental and model errors lead to physically
meaningless numbers beyond 0.001 A. For angles, reported
in degrees, only one decimal digit has been listed. Param-
eler uncertainties have been indicated by a letter rating
(A, B ...y which defines a range of uncerlainty. This
scheme was chosen not only for simplicity and clarity, but
also 1o discourage users from placing an unrealistic
emphasis upon minor variations in parameters, or an undue
reliance upon a precise uncertainty. As described below,
the uncertainties In  structural parameters for the
majority of polyatomic molecules are dominaied by rota-
tion-vibration interactions which can be estimated only
within certain narrow ranges.

In the next section the various operational definitions of -
distances and angles are given. Following this, the method
of assessing uncertzinties is described, and a discussion of
the general evaluation procedures is presented. As a final
prologuc, a brief description is given of the format, conlent,
and organization of the tabulated data.

2. Definitions of Structural Parameters

The Hamiltonian used to analyze the rotational spectra
of moct molecules consists of some collection of the
{following terms:

o= 3Cr + p + Ho + 5 + Cin (1)

in which 3Cp is 1he rigid rotator Hamiltonian, 3Cp is the
contributior frem comirifugal distortion, g describes the
nuclear quadrupole ioleraclion, ¢y contains the internal
rolation enéx'gy, and 3Cyp describes the interaction of
internal and overall rotation. For purposes of distance and
angle determinalion the mosl important pai‘t of (1) is 3Cg;

g = h(AJE + BE? + CI2) 2)

in which J,, J, and J. are components of the rotational
anguiar momentum in the directions of the molecule-fixed
a, b, and ¢ principal inertial axes, and 4, B, and C are
rotational constants. The forms of 3Cp, 3Cq, 301, #rn, and
any other possible contributions 1o the Hamiltonian will
not be discussed here; it will be assumed that they have
been properly accounted for in cach study. Where there
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was question as to whether this was in fact the case, the
reviewer either reanalyzed the specira or omitted the
molecule from the compilation.

The rotational constants depend on the vibrational state
of the molecules. For molecules for which all the vibrations
are harmonic or nearly so, the dependence on vibrational
state quantum pumbers is as follows:

4y = A — T o' (v, ~ di/2) (3)
ke

where ;4 is a vibration-rotation parameter, and v; and d
are lhe vibrational quantum number and the degeneracy of
the Ath vibrational mode, rvespectively; © stands for
. Vanv—g. In eq (3) A, is the 4 rotational constant
for the hypothetical equilibrium configuration of the
molecule; that is,

Vi1s Vo o v

A, = h/8x* 1,9 (1)

where 1,12 ia the moment of inertia of the maleenle ahout
the a-axis when all of the atoms are at equilibrium.
Expressions similar to eq (3) and (4) may be written for
B., B, C., and C.. For any vibrational state »,

Ay = h/8a% [P y (5)

in which 1,/ is an “effective’” moment of inertia about the
a-axis for molecules in the vibrational state v. Since in any
sample most molecules are in the ground vibrational state
v = 0, the most commonly determined rotational con-
stants are A,, B,. and C,; the corresponding effective
moments of inertia are 1,9, I,(®, and 1.,

The principal moments of inertia may be defined in
terms of the eigenvalues of an inertial tensor P with
components defined as follows:

N
Poas = 2. miaiB; (6)

ez 1

in which «, and §; are Cartesian «, v, or z coordinates of an
atom i of mass m,. The coordinates are measured from the
center of mass of the molecule and the sum is over all the
atoms. The principal second moments, taken in the order
Pow 2 Py, > P, are the eigenvalues of the tensor P and
are related to the principal moments of inertia, as follows:

I = Py + P, (Ta)
]b = Paa + Pcca (7b)
Ic = P(l/l “+ Pu,. ':76:)

From the definitions in eq (6) and (7) it is elear that the
coardinates of the atoms determine the principal moments
of inertia. To the extent that the reverse is true—that
the moments of inertia determine the coordinates of the
atoms—it is possible to calculatc distances and angles
from experimentally-determined rotational constants.
There are two serious problems in determination of

structural parameters from rotational constanis. First,
therc are nearly always many bond distances and angles to
be determined and there are only three rotational con-
stants for a single molecular species. It is therefore usually
necessary to determine rotational constants for molecules
with differing isotopic composition of the nuclei. To high
approximation the equilibrium structures of molecules are
invariant to isotopic substitution. Thus, equilibrium bond
distances and angles, so-called r. parameters, are deter-
mined by adjucting the porameciers to give calculated
moments of inertia which agree with experimentally-
derived equilibrivmn moments for as many isotopically-
substituted species as are necessary.

The second serious problem in structure determination
is that il is seldom possible to obtain equilibrium moments
of inertia from the spectra. In the most common situation
effective rotational constants for the ground vibrational
states of one or more isotopic species are available. In
addition to the second moment contributions from the
surps over the atomic coordinates, effective moments of
inertia contain contributions from averaging over the
zero-point vibrations and from other vibration-rotation
interactions (mainly Coriolis effects). These extra contri-
butions are mass dependent so that the assumption of
invariance of structural parameters to isotopic substitution
is not valid. Parametiers delermined by adjusting bond
distances and bond angles to give calculated moments of
inertia which best fit experimentally derived effective
moments of inertia are called effective parameters or r,
parameters.

In general, equilibrium bond distances and angles
determined from different sets of moments of inertia are
found to agree within the uncertainties propagated by the
experimental uncertainties in the moments. By contrast,
effective distances and angles are nearly always strongly
dependent on the particular set of moments of inertia used
lo oblain them. Furthermore, the variations in parameters
from set to set may be an order of magnitude or more
larger than the propagated experimental uncertainties. As
a consequence, uncertainties in effective parameters cannot
be deduced from the uncertainties which commonly
accompany the results of a least-squares fitting routine.
The method used for eslimating the uncertainties for
effective parameters in the present compilation is described
in the next section.

It is possible to reduce the effect of vibration-rotation
interactions on the determination of structural parameters
from effective womwents of inertia by fitling differences in
corresponding moments for different isotopic species rather
than fitting the moments themselves. This technigue is
based on the assumption that the vibration-rotation
contributions to the moments are very similar for two
isotopic species. Since they are mass dependent, however,
there is only partial cancellation, so it should not be
surprising to find that when the differences in moments of
inertia for two isotopic species are very small, the residual
differences in vibration-rotation contributions become
important.

J. Phys. Chem. Ref. Data, Vol. 8 No, 3, 1979
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Differences in moments of inertia may be fit directly by
least-squares procedures just as may be done for the
moments themselves. However, the simplest procedure is to
make use of Kraitchman’s equations [11], which are
specifically for the case in which two isotopic species of the
same molecule differ in isotopic labeling at a single atomic
center. One molecule, usually the most common jsotopic
species, is designated as the parent molecule. Then,
according to Kraitchman’s equations, the a coordinate of
the atom which is isotopically labeled in the substituled
molecule is given by 1he expression [11]

us = {{APa/) [1 + BFw/(Pop — Paa) 3

{1 AP/ (Poe ~ Pug) J}Y2 (8)
In eq (8) Pue, Py, and P, are effective principal second
moments of the parent molecule and

o= MyAm/ (M, 4+ Am) (9)

in which Mp is the molecular mass of the pareni molecule
and Am is the change in mass of the isotopically-sub-
stituted atom. Also,

AP, = P — Poy (10)
for g = a, b, ¢, in which P, is an effective principal
second moment of the isotopically substituled molecule.
Expressions similar to eq (8) may be written for b, and ¢,
by cyclic permutation of subseripts. If the ef(ective mo-
ments of inertia are determined for a parent molecule and
two singly-substituted species, the coordinates of 1wo
atoms may be determined and from them the distance
between the atoms. From the data for a parent and three
singly-subslituted species an interatomic angle can Dbe
calculated, etc. Parameters determined by means of
Kraitchman’s equations are called substitution parameters
or r; parameters {127]. In many structure determinations
some of the parameters have been determined by Kraitch-
man’s equations, whereas others are determined by least
squares adjusiment. In this compilation the former are
always labeled r, parameters. Parameters determined hy
least squares adjustment to fit only differences in moments
of inertia are considered to be ry parameters also. If,
however, any moments of inertia or second moments of
inertia are used lo delermine coordinates of an atom on
which no substitution was made, parameters obtained from
those coordinates are labeled generally as r,.

In addition to eq (8) and the corresponding equations
for b, and ¢, it is possible to derive similar equations for
multiple substitution at symmetrically equivalent sites
[15-13]. Parameters determined from coordinates ob-
tained by these equations are labeled as r,. It is also possible
to derive special forms of the Kraitchman equations for
coordinates of atoms which lie in a plane of symmetry or
on a symmetry axis [11, 7] Because a symmetry plane is
also a principal inertial plane, the change in the second
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moment perpendicular to such a plane should vanish for
isotopic substitution of an atom in the plane. For substitu-
tion on a symmetry axis the changes in both second
moments perpendicular to the axis should vanish. For
example, for isotopic substitution in the ab inertial plane,
AP, should be zero so that Al, 4 Al should equal Al.
Under these circumstances three combinations of the
principal moments of inertia could be used to calculate
APqq, as follows:

APaa = (Alb + Alc - AI!L‘)f{2 (11&)
BPae = Al (11b)
AP, = Al — Al (11c)

Similar expressions could be written for APy. Unfortu-
nately, the vibration-rotation contributions do not com-
pletely cancel so that AP, as calculated from effective
moments, is never exactly zeio for substitution in e ub
plane. As a result, the substilution coordinates depend on
which of eqs (11) is used to compute AP,,. Since no one of
these expressions is theoretically preferred, all of the
possible combinations’ should be tested to insure that the
parameters reporied are representative. Since this has not
always been done, the reviewers looked for the possibility
of unrepresentative use of Kraitchman’s equations. A simi-
lar, but more serious problem oceurs in the determination
of substitution coordinates for molecules which are near
oblate symmetric tops. For near oblate tops, P. is approx-
imately cqual to 1% so that the ¢flect of AP, in the second
factor of eq (8) is greatly magnified. In the corresponding
equation for b. the effect of AP, is magnified. If either
APy, or AP, is small enough that vibration-rotation
conlribotions are a significant fraction of the value, sizable
uncertainties in a, or b, will result. A procedure for
treating this situation by use of data from additional
isotopically-labeled specics has been described [167].

Examination of the form of eq (8) reveals that the
effect of isotopic substitution on the moments of inertia
decreases rapidly as the substitution site approaches an
inertial plane. This is most easily seen by caleulating the
change in a coordinate which results from changes in the
APg,. In most cases the factors in square brackets in eq (8)
contribute an order of magnitude or so less to this change
than the first factor. (An exception is the near oblate tops
just mentioned.) With these contributions ignored it is
found that

das = AP o/ 2ua,. (12)
Similar expressions may be derived for 8b, and éc,. Contri-
butions to 5AP,, come from experimental uncertainty in
the P, values and from mass-dependent vibration-rotation
interactions. It is clear from eq {12) thal as a, — O, da.
gets very large so that the determination of @, by Kraitch-
man’s equations Dbecomes questionable. 1f only one
coordinate is close to a given plane, it may be determined
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by the appropriate first moment relation

N

>omigi = 058 =

@i, biy o1 Cie (13)
=1 :
Substitution coordinates are known to satisfy the first
moment relations to a good approximation. It is also
possible to determine coordinates for atoms close to an
inertial plane by the double substitution method of
Pierce [17]. In this report coordinates deiermined either
by eq (13) with all g; but one being substitution coordi-
nates or by Pierce’s method are referred 10 as r, coordinates.

Substitution parameters were shown by Costain [12] to
be considerably less sensitive than effective parameters to
the particular set of isotopic species used to determine
them. In addition, it is believed that the equilibrium
structure is more closely approximated by the 7, structure
than by the r, siructure. Tor example, Costain [127 has
shown that ry 2>~ § (r, + r.) for diatomic molecules.

Watson [18] has defined an I maoment of inertia ac
follows:

1w = 2] — ] (14)

in which I,® is the moment of inertia about the g-axis
calculated from the r, parameters. The I moments were
shown 10 be equal to equilibrium moments of inertia t
first order. Waison [18] has devised a procedure for
determining structural parameters from I moments. The
resulting bond distances and bond angles are designated as
rw parameters. The r, procedure is difficult to apply in
general because data of very high precision are required for
a large number of isotopic species. In addition, the approx-
imation that I ~ [ breaks down for very light atoms,
so that H-atom parameters cannot be determined by this
method. Since the ry, method has been applied to very few
molecules, parameters of this 1ype has nol been included
in this compilation.

Oka [19], Herschbach and Laurie [20], and Toyama,
et al. [217, showed that the effective moments of inertia
and the moments of inertia of the molecule with all of its
atoms in their average positions are related by terms which
depend only on the harmonic part of the vibrational
potential function. Since the harmonic potential terms are
known for many small molecules, a set of moments 2 for
the average configuration can be derived from I© values.
The bond distances and bond angles derived from the 1@
momentis for the ground vibrational state are called average
parameters or r, parameters. Average paramelers are mass
dependent so that when more than three independent
strnctnral parameters must be determined, isotope eflects
must be estimated. These are typically estimated by
assumption of an anharmonicity correction for bond
stretching and from computed vibrational amplitudes [227].
In this compilation, no distinction is made between average

parameters determined from I® moments for a single -

isotopic species and those determined from I moments
for several species with isotope carrections.

POLYATOMIC MOLECULES : 623

TaeLe 1. Definitions of structural parameters

Parameter Definition

ro (Equilibrium) Distance or angle between equilibrium nuclear
positions.

Distance or angle between average nuclear
positions in the ground vibrational state.

Distance or angle calculated from coordinates
determined by Kraitchman’s equations.

Distance or angle from coordinates adjusted to
givé best fit to effective ground state rolational
constants.

o Approximate equilibrium distance or angle cal-

culated from coordinates determined by Wat-

son’s equations.

Ty Thermal average value of distance or angle.

r; {Average)
ry (Substitution)

ro (Effective)

It is important to distinguish between r, parameters—
hond distances and angles for the atoms frozen in their
average positions—and r, parameters—ihe irue ground
vibrational state average values of distances and angles.
The r, parameters are determined by electron diffraction.
It was pointed out by Morino et al. 237 and by Kuchitsu
[227 that the difference between an r, and an r, distance is
the difference between averaging over the molecular motion
before or after the distance is calculated. As shown by
Kuchitsu, the r, distance is to good approximation the
average of the projection of the distance on the line
connecting the nuclei at equilibrium.

The different definitions of structural parameters are
summarized in table 1. Comparisons of the different
parameters for representative molecules have been given
in many places (e.g., in refs. 7, 12, 20, 24, 25, and 26). In
addition, many such comparisons appear in data tabulated
in this report. Examination of such comparisons shows that
differences of several thousandths of an Angsirom unit in
distance and several tenths of a degree in angle should be
expected for the different definilions of a given parameter
in a molecule. By contrast, the strictly experimental
uncertainty is often less than 0.001 A or 0.1°. As a result,
the definition of a reported structural parameter is an
important consideration, particularly when parameters
from differeni molecules are compared.

3. Uncertainties

In order to report uncertainties in structural parameters
it is necessary to define the basis for the uncertainty
estimate. For r. and r, paramelers, which have well-defined
mathematical and physical models, it is sensible to estimate
the uncertainties strictly on the basis of the experimental
uncertainties of the input data. On the other hand, for r,
and r, parameters of polyatomic molecules the operational
definitions lead to parameters which are less well-defined
physically because of the effects of zero-point vibration-
rotation interactions. In this case one would like to know
the extent to which these generally unknown molecule-
dependent terms contribute to the computed value of the

J. Phys. Chem. Ref. Data, Veol. 8, No. 3, 1979
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parameicrs. (ne way oi assessing such contributions would
be 1o compute the values of the paramelers (ro or r.) by
using several different independent combinations of isotopic
data, a procedure which normally leads o a range of values.
This range could then serve as a measure of the uncertainty
in the computed parameter.

A second way of assessing the uncerlainly in r, or r,
parameters is to attempt to compute the exient to which
vibration-rotation ierms cause these parameters to differ

-from the r. value. Such a computation cannot be made
precisely in the general case; if it cauld, the more desirable
re parameter would be obtainable. It is possible, however,
to compute an estimate of the general magnitude of the
vibration-rotation contributions. Such an approach is the
one laken here; the result is an operational definition of the
unecertainty which is described below by eqs (20)-(22).

The derivation of cgs (20)-(2Z; follows from eq (12).
For this derivation eq {7) is inverted to give

Pua(u) = (]b(O) + IC(D) —_ [a(u))/'z (15)
and
Fao®® = (I8 + I,( — [,0),/2. (16)

Then, a pseudoinertia defect A,, is defined to be
Age = 2{Porl® — Pl (17)
from which it follows that, upon isotopic substitution,
Apaa(c) = P(m(o)' _ Puu(o)

= Pol9 — P — (N — Do) /2. (18)
Therefore, the vibration-rotation conlribution to §AP,, in
eq (12) may be estimated as
80P, = | Agw — Aua | /2. (19)
If the value 0.006 u- A? is used for the difference in the

pseudoinertia defect upon isolopic substitution, it is found
that

5(1,\~‘/4‘D\ = :tl*‘—ﬁ‘ 20)
: 3 (20)

| as

A value of 1 u has been assumed for p. Equation (20) for
the uncertainty in the coordinate of an atom derived by
application of Kraitchman’s equations is known as the
Costain rule [277. Although it has been derived for
substitution parameters, it expresses the general insensi-
tivily of the moments of inertia of a molecule to isotapic
substitution near a principal inertial plane. The Costain
rule should therefere have wide application to the estima-
tion of uncertainties in both r; and r, parameters.

The choice of 0.006 u-.A2 for 8AF,, is based on an
extimate of o typical difference in pseudoinertial defect
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upon isotopic substituiion. In some cases, particularly for
H coordinates, a larger value may be desirable, while for
heavy atoms the esiimale may be somewhat conservative.
The valne may also be increased for cases in which the
experimentalounccrtainLy in AP,, is an appreciable fraction
of 0.006 u-A? or in cases in which an unusually large
range of coordinate values is obtained by using different
combinations of coordinates in Kraitchman's equations.

The unambiguous conversion of uncertainties in atomic
coordinates of the r. or r, type to uncertainties in inter-
atomic distances or angles requires more knowledge than is
usually available. Tt is known that the use of the Kraitchman
equations can lead to systematic vibration-rotation contri-
butions to the uncertainties in the coordinates [12, 207,
By contrast, in most cases it is probably safe to assume that
the experimental contributions to the coordinate uncertain-
lies are distributed randomly. [t 1s possible to compute
uncertainties in inleralomic parameters.by assuming that
the contributions to the uncertainties in coordinates from
experimental error are random and that the vibration-rota-
tion contribulions to each 6g. (g = @, b, ¢) have the same
sign as g, [28]. However, the Jaiter assumption is not
always valid and the method requires that the effects of
coordinale unceriainties be added absoluiely, which prob-
ably leads (0 overstatement of the uncertainties in the
distance and angles. In view of these ambiguities it was
decided for the purposes of this compilation to use the
usual formula for the propagation of random uncertainties
to calculate the uncertainties in distances or angles. For the
distance between the ith, and jth nuclei this leads to an
uncertainty

o 5 Y o () )
i = 0gi? — 1 §g;? . 21
o {Z[(a &' +\5g, ) % b

In this equation (dr;;79g;) and (dri;/dg;) are calculated
from the final siructure and 8g; and 3g; for ¢ = a, b, ¢ are
oblained by eq {20) or as described in the next paragraph.
A corresponding equation for 88,7 is used 1o estimate the
uncertainlies in the angles.

An exception to the use of eq (20) for the determination
of the uncertainly in an r, or r, coordinate is made for those
coordinates which are caleulated by the use of first moment
or second moment relations. For example, the uncertainty
in.a cvurdivate g1 which has been calculated by eq (13) is

-obtained as follows:

N
6g1 = myt 37 (my byt (22)
i=2

where the §g; for i = 2 to IV are obtained from eq (20).
As mentioned above, egs (20)—(22) provide the basic
operational definition of the uncertainty in an r, or r, bond
distance or angle which has been used throughout this
work. This definition is intended to be a combined estimate
of the contributions of experimental uncertainty and
vibration-rotation interaction. It should not, however, be
taken too literally. For example, while it is expected that
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Tasre 2. Definition of letter symbols for uncertainties

Uncertainty range
Symbol
Distance/A Angle /degrees

A < =:0.002 +0.2
B i =£0.002 — =£0.005 0.2 — £0.5
C i =0.005 — 0.010 40.5 — £1.0
D 40.010 40,020 L1.0 2.0
E +0.020 — +0.050 +2.0 — 5.0
X unable te evaluate,

upknown, or un-

reliable

the r, value of the distance or angle will lie within the
uncertainty range. in. many cases, the approximations are
such that this cannot be guarantecd.
Uncertainties in equilibrium and average parameters are
assigned, as mentioned earlier, by estimating the un-
" certainties in the input data. The principal contributions to
the uncertainty in equilibrium parameters is experimental
uncertainties in the measured spectra. The bond distances
- and bond angles should be isotopically invariant to high
. approximation. Thus, standard least-squares methods of
propagating the uncertainties in the rotational constants to
uncertainties in the parameters can be used. The situation

for uncertainties in average (r,) parameters is only slightly.

- different. Here, the principal contributions to uncertainties
in the momenis of inertia come from experimental un-
certainties and from uncertainties in the estimation of [,®
from [,(®, However, additional contributions may come
from estimation of isotope effects if moments of inertia
from more than one species are required.

In this compilation the numerical values of the un-
certainties in the distances or angles are not: reported
explicitly: a letter raiing which earresponds to 2 range of
uncertainty is used instead. The correspondence between
the letters used and the uncertainty ranges is given in
table 2. The selected ranges for the A, B, C .. . ratings are,
of course, arbitrary, but they seem to provide a useful
classification of ‘the accuracy -of the numbers reported
while at the same time they discourage a too-literal
interpretation of the uncertainty estimates.

4. Evaluation Procedure

Although each reviewer adopted his own procedure for
evaluating the structural parameters in the molecules

assigned to him, some steps were common to all of the
procedures. These are as follows:

1. The spectral fitting process was examined and
uncertainties in the rotational constants were assessed.

2. The method of structural analysis used by the
authors was checked for logic and evaluated in a general
way. Different definitions.were assigned to each cf the
parameters according to the method of analysis (table 1).

3. For r, and r, parameters the errors were established
by the errors in the experimental input data, Normally it
was found that the published results had a proper assess-
ment of the uncertainties. Numerical uncertainties were
converted to letter ratings according to table 2.

4. For r, and r, parameters, coordinate uncertainties
were established by eq (20) or an equation such as eq (22).
These were converted to parameter uncertainties using
eq*(21) and to letter ratings via table 2. Special methods,
such as the “‘double-substitution” procedure [17], were
evaluated as individual cases. For r, structures, the range
of values obtained by using difiering data sets provided an
additional test of the parameter xaluht), normally leading
to a reduccd lotter rating.

5. In most cases, structural results were not included
if all ratings were X.

6. Studies which reported only conformatmnal resulis
were included when they were unambiguous and non-trivial.
Although this represents the least objective aspect of the
compilation, such results were deemed to be of sufficient
interest and value o merit inclusion.

7. Because of the strong influence of vibration-rotation
terms on parameters involving H atoms, such parameters
have in most cases been rated no higher than B.

8. In ‘general, the use of parameter assumptions was .
considered sufficient to invalidate a structure or to lead to
X ratings for the dependent parameters. However, in some
well-defined cases the uncertainties in computed parameters
were assessed according lo the plausible uncertainties in
the assumed parameters. Since H atom parameter assump-
tions have a relatively small influence upon heavy atom
parameters, such assumptions were normally permitted.

9. The E rating has been used sparingly since a
parameter with such a large uncertainty often has little
practical validity. Thus a CH bond distance would usually
be rated X rather than E in order to indicate its imprecise
character. On the other hand, an E rating might provide a
useful guideline for certain bond angles or for some of the
more uncommon bond lengths.

10. Spot check caleulations or complete recalculatlons
of the structure were performed if any results seemed in
doubt. Parameters in the original literature were replaced
by recalculated values only if the values differed by more
than the assigned uncertainty.

5. Description of Tables

Bach molecule iu this compilation has been identified by
its empirical formula according to the conventional scheme.
The tablés have been arranged so that the inorganic
molecules appear first, followed in order by Cs, Co, Ca, etc:
carbon-containing species. Compound names generally
follow the standard LU.P.A.C. or Chemical Absiracts
nomenclature schemes, but common names are often
included also. Where the empirical formula alone is not
sufficient for the ideniification of the structural parameters,
a more conventional structural formula or drawing is
included. Additional aid in interpreting the structures is-
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provided by the convenlional point group symbol, which
is listed for each molecule above the data table.

Structural parameters for each molecule erc tabulated
according to their operational definition, viz., substitution
{rs), equilibrium (r.), eflfective (r,), or average (r.), and
are separated into distance and angle calegories. As a
general rule, r,, r, and r, parameters are always listed when
available; r, values are normally included only if one of the
more reliable types can not be obminedbfrom the experi-
mental data. All distance values are in A (100 pm) units
and angles are in degrees. Explanatory comments and
footnotes follow the tabulated parameters, and finally the
original literature sources are listed. In most cases only
those sources have been referenced which are necessary to
obtain the reported structure.

All structural data in this compilation refer to the ground
electronic state, which for most polyatomic molecules
implies a totally symmetrical orbital state with a spin
multiplicity of unity. For those few molecules whose
ground states do not {all in this category, the standard term
symbol has been listed below the table. kixcept for a few
cases as noted, all structural parameters refer to the normal
(most abundant) isotopicspecies, although the equilibrium
paramelers are expected to he isatopically invariani.
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Appendix: Selected Diatomic Molecule Distances®

Molecule To Te Molecule To Teo Molecule To ro
AgBr 2.305 2.393 CICs 2.910 2.906 “HN 1.045 1.035
AgCl 2.284 2.281 CIF 1.632 _1.628 HO 0.980 0.971
AgF 1.987 1.983 ClGa 2.205 2.202 HP 1.433*

Adl 2.547 2.545 CIH 1.284 1.275 HS 1.355 1.345%
AlBr 2.298 2.295 il 2.324 2.321 Hsi 1.531 1.520%
AlCl 2.133 2.130 Clln 2.404 2.401 H. 0.751 0.741%
AIF 1.658 1.654 CIK 2.671 2.667 IIn 2.756 2.764
All 2.540 2.537 CILi 2.027 2.021 IK 3.051 3.048
BF 1.267 1.263 CINa 2.365 2.361 1L 2.308 2.392
BH 1.247 1.236* Ci0 1.573 1.569 INa 2.715 2.711
RN 1 986 1 om* CIRh 2 700 9 787 TRh 3 180 3.177
BO 1.210 1.204 CIT! 2.488 2.485 171 2.815 2.814
B 1.594 1.590* Cle 1.991 1.988% Is 2.669 2.667*
BaO 1.942 1.940 CsF 2.347 2.345 Lis 2.680 2.673*
BrCl 2.139 2.136 Csl 3.318 3.315 NO 1.154 1.151
BrCs 3.075 3.072 CuF 1.749 1.745 NP 1.494 1.491
BiF 1.759 1.756 FGa 1.778 1.774 NS 1.497 1.494
BrGa 2.355 2.352 FH 0.926 0.917 Na 1.100 1.008*
BrH 1.424 1.415 Fl 1.913 1.910 OP 1.476 1.474*
Brl 2.489 2.485 FIn 1.989 1.985 OPb 1.925 1.922
Brln 2.545 2.543 FK 2.176 2.171 08 1.484 1.481
BrK 2.824 2.821 FLi 1.570 1.564 0Si 1.512 1.510
BrLi 2.176 2.170 FN 1.321 1.317* 0OSn 1.835 1.833
.BriNa 2.506 2.502 FNa 1.931 1.926 02 1.211 1.208
BrO 1.721 1.717 FRb 2.274 2.270 P 1.896 1.804*
BrRb 2.948" 2.945 FS 1.601 PES - 2.289 2.287
TIBr 2.620 2.618 FTI 2.088 2.084 PbSe 2.404 2.402
CBr 1.821* Fe 1.417* PbTe 2.596 2.595
ccl 1.649 1.645* Gal 2.577 2.575 SSi 1.932 1.929
CF 1.276 1.272+* GeO 1.627 1.625 SSn 2.211 2.209
CH 1.131 1.120% GeS 2.014 2.012 Se 1.892 1.889%
CN 1.175 1.172% GeSe 2.136 2.135 Sesi 2.060 2.058
co 1.131 1.128 GeTe 2.342 2.340 SeSn 2.327 2.326
s 1.538 1.535 Hl 1.620 1.609 Si 2.249 2.246*
CSe 1.679 1.676 HLi 1.604 1.595b SnTe 2.524 2.523
Cr 1.246 1.943%

® Distances are expected to have an accuracy of 0.001 A or better.

remaining values from Lovas and Tiemann 3]
b In this case the values are for the deuterated species, “HLi.

Values indicated by an asterisk have been obtained from Rosen [97, the
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Strucivral Data Tables

inorganic Molecules Arsenic Triftvoride (Trifluoroarsine)

Aluminum Dihydride AsFs Cav
AlH: Cay Bond Effective Angle Effective
Bornd Effective 1 Angle Effective AsF 1712 X FASF 102 X
Al 1.59E HAIB 119 E Only one isotopic species studied.
[17] P. Kosliuk and 5. Geschwind, J. Chem. Phys. 21, 828 (1953).

{17 G. Herzberg, Electronic Spectra of Polyatomic Molecules, D. Van
Nostrand Co. Inc., Princeton, N.J., U.8.A., Table 62, 1960.

Argon~Hydrogen chloride (1/1)

ArCIH Ar-CIH Cs
Bond Effcctive Anglo Effootive
HCI 1.284 (assumed) ArCIH 41.5 X
ArCl 401X

[17 S. E. Novick, P. Davies, 3. Harris and W. Klemperer, J. Chem.
Phys. 59, 2273 (1973).

Hydrogen Argon (1/1)

Arfily Ar+Hs Undefined
Bond Effective
Mean distance between center of mass of 3.64 X

H; and Ar atom.

[1] A. R. W. McKellar and H. L. Welsh, J. Chem. Phys. 55, 595

(1971).
Avrsenic tribromide
AsBr, Csv
Boend  Effective  Average Angle Effective - Average
AsBr  2.323 B 2.324 B | BrAsBr 995.8 B 99.78

111 A. G. Robiette, §. Mol. Struct. 35, 81 {1976).

JoFhys Uhem Kol

Dajo, Vel B, No, 3, 1979

Arsino

Effective Angle Effective

AsH 1.518 C HAsH .78

Ground electronic state is 258y,
[17 R. N. Dixon, G. Duxbury and H. M. Lamberton, Proc. Roy.
Soc. (London) A305, 271 (1968).

Arsine
ASH@ Csv
Bond Effective Equilibrium | Angle Effective Equilibrium
AsH 1.520A 1.511 A HAsH 92.0A 92.1A

{11 W. B. Olson, A. G. Maki and R. L. Sams, J. Mol. Spectrosc.
55, 252 (1975).

[2] F. Y. Chu and T. Oka, J. Chem. Phys. 60, 4612 (1974).

[337 K. Sarka, D. Papousek and K. N. Rao, I. Mol. Spectrosc. 37,
1 (1971).

(43 P. Helminger, E. L. Beeson and W. Gordy, Phys. Rev. A3,
122 (1971).

Boron chloride difluoridde

BCIF, CIBF, Coo
Bond Substitution Effective Angle Effective
BCl 1.728 C FBF 118.1 C
BF 1.315C

{17 H. W. Kroto and M. Maier, J. Mol. Spectrosc. 65, 280 (1977).
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Diflsoroborane Boron Fluoride Oxide (Difluoroboroxy)
BF:H Cov BF:0 F.BO Coy
Bond Substitution Effective Angle Effective Bond Effective Angle Effective
BH 1.189 C t  FBF 118.3 C BF 1.30E FBF 126 E
BF 1.311 C BO 1.40E
[17 T. Kasuya, W. 1. Laflerty and D. R. Lide, J. Chem. Phys. 48 Gruund electionic state is B,
o 1 (1088, ¥ daflerty en ' P 117 C. W, Mathews, J. Mol. Spectrosc. 19, 203 (1966).
Difluorohydroxyborane Boren Trifluoride (Trifluoroborane)
BF,HO F.BOH Ce BF; D
Bond Substitution Effective Angle Effective Bond Effective Equilibrium
OH 0.94 C BOH 114 C BF 1.310B 1.307B
BO 1.34D ! FBO 1258 C
BF 1.31D . FBF 118 C [11 S. G. W. Ginn, J. K. Kenny and J. Overend, J. Chem. Phys.
| 48, 1571 (1968).
717 H. Takeo and R. F. Curl, J. Chem. Phys. 56, 4314 (1972). [2] C. W. Brown and J. Overend, Can. J. Phys. 46, 977 (1968).
1,1-Difluoroboranamine (Aminodifluoroborane) Phosphine-trifluoroborane
BFH,N RF:NH, Ca B¥FH,P F3;B-PH, Cav
Bond Substitution Effective Angle ‘Substitution Effective Bond Effective Angle Effective
BF 1.325C | FBF 117.9B PB 1.92X FBP 107. X
BN 1.402D | NHN  116.9B BF 1.37X FBF 112. X
NH 1.003B

[1] F. J. Lovas and D. R. Johnson, J. Chem. Phys. 59, 2347 (1973).

Difluorophosphine Borane

\ s
/
H_,,—B—P'/ F
7\
H H
BF,H,P Ce
Bond Substitution Effective Angle  Substitution Effective
PH 1.409 C | H.BH., 112.7C
PF 1.552C | H.BH, 115.9C
PB 1.832D | PBH, 109.9 B
BH, 1.2268B PBH. 99.98
BH, 1.200C BPH 120.1 C:
BPYK LL7.7 8
FPF 100.0 C
FPH 98.6 B

Subscripts s and a refer to in and out of the plane of symmetry,

respectively.

[17 J. P. Pasinski and R. L. Kuczkowski, J. Chem. Phys., 54, 1903

(1971).

PH distance assumed 10 be 1.40 3 znd HPB angle assumed 1o be
117°.
[11J. D. Odom, V. F. Kalasinsky, and J. R. Durig, Inorg. Chem.
14, 2837 (1975).

Phosphorus Trifluoride—Borane

BF;H,P F;PBH, Cae
Bond Substitution Effective | Angle Substitution Effective
BH 1.207B HBH 115.1 C
PF 1.538 D | FPF 99.8 D
PB 1.836 D

[1] R. L. Kuczkowski and D. R. Lide, Jr., J. Chem. Phys. 46, 357%
(1967).

4. Phys. Chem. Ref. Data, Vel. 8, No. 3, 1979
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Thioxoborane(3) (Thioborane) Bromodiborane(6)
BHS HBS Coov He
Ht‘\\B/ \B,/’Hf
Bond Substitution Br/ \ / w,
Hp
BH 1.169 A B.BrH; G
BS 1.599 A
[17 E. F. Pearson and R. U. McCormick, J. Chem. Phys. 58, 1619 Bond Substitution Effective Angle Substitution Effective
{1973).
Borane(2) BB 1.773B BBBr 121.4C
BBr 1.930 B BBH, 119.9 X
BH. Cov HyHy 1.954 X HyBH, 95.6 X
- BH, 1.196X | BH,B 84.4X
I \
Bond Effective S Angle Effective 1] A. €. Fergnson and C. D. Cornwell, J. Cham. Phys. 53, 1851 /
( (1970).
BH 1.181 C HBH 131 €
1,2,4,3,5-Trioxadiborolane
Ground state is 2B;.
[1] G. Herzberg and J. W. C. Johns, Proc. Roy. Soc. (London) H /Ou "
A298, 142 (1967). - \a\ \/a/
Phosphine—Borane %%
BHP H,BPH, Csv B.H:0; Cav
i
Bond Substitution 2 Angle Substitution Bond Substitution Angle Substitution
|
BP 1.937B PBH 103.6 B BH 1.182 B BOB 104.0C
BH 1.212 B BPH 116.9 8B BO. 1.380B 0BO 113.0C
PH 1.399 B HBH 114.6 B BO, ~1.365B BOO 105.0C
HPH 101.3 B 00y 1.470 A HBO, 126.3 C

[1] J. R. Durig, Y. S. Li, L. A. Carreira, and J. D. Odom, J. Amer.
Chem. Soc. 95, 2491 (1973).

Boron Dioxide

BO: OBO Dan

Bond Effective

BO 1.265A

[11 W. V. F. Brooks, C. C. Costain and R. F. Porter, J. Chem.
Phys. 47, 4186 (1967).

Diborane(6)

Ground electronic state is %1,.

{13 I. W. C. Johns, Can. J. Phys. 39, 1738 (1961).

J. Phys. Chem. Ref. Data, Vol. 8, No. 3, 1979

Hy
B:Hs Doy
Bond Effective Angle Effective
B..-B 1.763 C H.BH, 121.0C
B-H, 1.201C HyBH, 96.2C
B-Hi 1.320C

{17 W. I. Lafferty, A. G. Maki and T. D. Coyle, J. Mol. Spectrosc.
33, 345 (1970).



STRUCTURES OF GAS-PHASE POLYATOMIC MOLECULES 631

Aminodiborane

H
BH:N Coo
Bond Substitution Effective Angle  Substitution Effective
B 1.916 B BNB 75.9 A
BN 1.558 B BH,B 90.0 B
BH, 1.355C H.BH. 121.0B
BH. 1.193B . NBH. 113.7 B
NH 1.005 C | HNH 111.0D

[17 K. X. Lau, A. B. Burg, and R. A. Beaudet, Inorg. Chem. 13,
2787 (1974).

Pentaborane (9)

Bond Effective
B1B2 1.687 C
B:B. 1.800 C

Hydrogen atoms are not uniquely determined, but data are
consistent with five single BH bonds and four bridging hydrogens as
shown.

[1] H. J. Hrostowski and R. J. Myers, J. Chem. Phys. 22, 262
(1954).

[2] H. J. Hrostowski, R. J. Myers and G. C. Pimentel, J. Chem.
Phys. 20, 518 (1952).

Sulfuryl bromide fluoride

Br

AN
/o
F
BrFO-S C,
Bond Effective Angle Effective
SBr 2.155 X FSBr 100.6 X

50, SF, and 0OSO were assumed to be 1.407, 1.560, and 1Z3.7,
respectively.
[17 J. M. Raley and ]. E. Wollrab, J. Mol. Spectrosc. 48, 100 (1973).

Bromine fluoride
{Bromine trifluoride)

=B
7 TR

F
BrFs Cay
Bond Effective Angle Effective
BrF, 1.721 C FiBrFs 86.2 C
BrF, 1.810 B

[1] D. W. Magnuson, J. Chem. Phys. 27, 223 (1957).

Bromotrifluorosilane

BrF;Si SiF3Br Cse
Bond Effcetive Angle Tffective
SiF 1.560 B FSiF 108.5D
SiBr 2.153 D

Bond distances determined by assuming the value for FSiF.
[1] J. Sheridan and W. Gordy, J. Chem. Phys. 19, 965 (1951).

Sulfur bromide fluoride
(Sulfur pentafluoride bromide)

BrF;S BrSF, Ce
Bond Effective
SBr 2.190 X
SF 1.597 X

Angle F(eq)SF(ax) was assumed to be 88.0°, and all SF bond
lengths were assumed to be equal.

[1] E. W. Neuvar and A. W. Jache, J. Chem. Phys. 39, 596 (1963).

J. Phys. Chem. Ref, Data, Vol. 8, Ne. 3, 1979
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Bromogermane Nitrosyl Bromide
BrGeH; BrGeH; Cse BrNO Cs
Bond Effective Substitution Angle Effective Bond Effective Angle Effective
Ge-H 1.535D HGeH 111.9D NO 1.146 D BrNO 114.5C
Ge-Br 2.297B NBr 2.140C

The substitution distance derived in Ref. 1 was combined with
the 4, value obtained in Ref. 2 by use of the zeta sum rule to cal-
culate the molecular parameters.

[1] S. N. Wolf and L. C. Krisher, I. Chem. Phys. 56, 1040 (1972).
[2] X. H. Rbee and M. K. Wilson, J. Chem. Phys. 43, 333 (1965).

Bromosilylene
BrHSi HSiBr Cs
Bond Effective Angle Effective
SiBr 2.231 B HSiBr 102.9C

SiH distance assumed (1.561 ‘i)

[1] D. J. Millen and D. Mitra, Trans. Faraday Soc. 65, 1975 (1969).

Fluorotribromosilane

Br,FSi FSiBr; Cov
Bond Effective Angle Effective
SiBr 2.171 X BrSiBr 111.6 X

SiF = 1.560 was assumed.
13 M. Mitzlaff, R. Holm and H. Hartmann, Z. Naturforsch. 23a,
1819 (1968).

i Tribromosilane
[1] G. Herzberg and R. D. Verma, Can. J. Phys. 42, 395 (1964).
Br;HSi Br;SiH Cav
Rromasilane
BriLSi BrSill, Coe Bond Effective Angle Effective
Bond Substitution Angle Substitution SiH 1.494C BrSiBr 1116 E
SiBr 2.170 E
SiBr 2.210 8 HSiBr 107.9 B [1] M. Mitzlaff, R. Holm, and H. Hartmann, Z. Naturforsch. 23a.
SiH 1.431 B 65 (1968).
[13 R. Kawley, P. M. McKinney, and A. G. Robiette, J. Mol. Spec- hloryl fluori
; > ) vorid
trosc. 34, 390 (1970). Chiory oride
Bromostannane ,/CI\\
F \ -0
(o]
BrH.Sn Br8nH, Cyv
! CiFO; Cs
Bond Substitution Effective Angle Effective
Bond Substitution Angle Substitution
SnBr 2.469 A HSnBr 106 C
SnH 1.76 X
CIF 1.696 B (s]eile} 115.2 A
L11 S. N. Wolf, L. C. Krisher, and R. A. Gsell, J. Chem. Phys. 54, ao L.a1e e Fcio - 10174

4605 (1971).

J. Phys. Chem. Ref. Data, Voi. 8, No. 3, 1979

[17 C. R, Parent and M. C. L.

1974).

Gerry, J. Mol. Spectrosc. 49, 343
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Sulfuryl chioride fluoride

Chiorotrifiuorogermane

CIF;Ge GeF;Cl Cov
o/ :;
Ssg Bond Effective i Angle Effective
F/ \ o i
GeF 1.688 D FGeF 107.5E
’ GeCl 2.067 C
CIFO,.S Ce
[1] W. E. Anderson, J. Sheridan and W. Gordy, Phys. Rev. 81,
Bond Effcctive Angle Effective 819 (1931),
<0 1.408e 080 193.7 % Chiorotrifiuorosilane
SF 1.550 X F8Cl 99.08 . )
sal 1.985X ! OSF 107.5 X CIF,Si 8iF:Cl Cav
‘ ) 0sCl 107.5 X
; Bond Effective
¢ Assumed values.
{17 C. S. Holt and M. C. L. Gerry, Chem, Phys. Lett. 9, 621 {1971).
SiF 1.560 C
iCl ) 1.98% B

Phosphorous chloride difluoride
{Chlorodifluorophosphine)

Bond distances obtained by assuming FSiF = 108.5 & 2°.
[1] J. Sheridan and W. Gordy, J. Chem. Phys. 19, 965 (1951).

CIFP PF.Cl C.
Chlorine pentafluoride
Bond Effeetive Angle Effective g
CIFs Cae
PF 1.571 B -FPF 97.3 B i .
PCl 2.030 C FPCl 99.2C Bond Eficctive |  Angle Effective
[17 A. H. Brittain, J. E. Smith and R. H. Schwendeman, Inorg. E
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