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The measured value of a molecular electronic property is a rovibrational average for a given v, J
state or a thermal average. These electronic properties may exhibit measurable isotope effects and
are found to be v, J-state-dependent and temperature dependent. Rovibrational effects are intimately
related to both the molecular potential surface and the electronic property surface. When both sur-
faces are available it becomes possible to correct the observed values of the property for rovibrational
effects and thereby to elicit the value of the property at the equilibrium geometry of the molecule,
for comparison with the ab initio theoretical value. Alternatively, temperature coefficients and isotope
shifts may be calculated from both theoretical surfaces, for direct comparison with experiment. In
some favourable cases it is possible to obtain an empirical estimate of the sensitivity of the property
to a change in geometry from a measurement of a temperature coefficient or an isotope effect. A re-
view of the theory and its applications to the nuclear magnetic shielding, spin-rotation constant,
nuclear hyperfine constant, electric field gradient, spin-spin coupling, dipole moment, magnetizability,
electric dipole polarizability and hyperpolarizabilities reveals some interesting general trends.
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1 Introduction

Rovibrational averaging of a molecular electronic property manifests itself in various
ways. Different values of the electronic property for each J or v level may be measured
where individual J- or v-labeled states are observed, with different values for different
isotopomers. Where thermal averages over all populated v, J states are observed, a
temperature dependence of the electronic property in the limit of the isolated molecule
or different thermal average values of the electronic property for different isotopomers
may be observed. The property may be zero except upon isotopic substitution, as in
the dipole moment of CH,D. In NMR spectroscopy where ultrahigh resolution (mHz)
is becoming more accessible, temperature dependent and mass-dependent effects
have become ubiquitous [1]. Even in modest high resolution the effects of rovibrational
averaging are observed. See for example Fig. 1 in which the individual peaks for the
19F in the various isotopomers ™ SeF are observed with intensities directly propor-
tional to the natural abundance of the Se isotopes [2].

Rovibrational averaging is intimately connected with ab initio calculations of
electronic properties. As calculations become more sophisticated and/or as measure-
ments become more precise, the gap between the ab initio calculated value of a pro-
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Fig. 1. F NMR spectrum in liquid SeF at 300 K at 188.3 MHz. The intensities of the peaks for the
isotopomers are consistent with the natural abundance of Se isotopes. 7’SeF, satellite peaks (not
shown) are split by 1421 Hz. These isotope shifts between ™ SeFg and ™SeFj are plotted for m = 74,
also the mean bond displacements and mean square amplitudes (at 300 K) of the Se—F bonds in
SeF, molecule, are proportional to (m’—m)/m’ (see text). Reproduced from Jameson et al. (1986)
J. Chem. Phys. 85: 5480, 5484, with permission [2, 80]
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perty and its experimental value becomes sufficiently small so that theoretical values
calculated at the equilibrium geometry of a molecule cannot be compared directly
with the measured value of the property even at 0 K. Rovibrational averaging is also
intimately connected with determination of molecular geometry. The observed
quantities in various methods of determining molecular structure are themselves
particular rovibrational averages of various powers of atom-atom distances or aver-
ages of differences between various powers of atom position coordinates. Without
the appropriate computations based on the averages which are directly observed,
different techniques such as microwave spectroscopy, electron diffraction, and NMR
spectroscopy lead to structures that are not consistent. Results from each technique
have to be corrected by appropriate rovibrational averaging, back to the geometry
corresponding to the minimum in the potential energy. Only the equilibrium geometry
resulting from the various measurements can be directly compared.

The effective hamiltonian for a free molecule in a non-degenerate electronic state
has been derived by Michelot [3, 4], which allows a study of the various interactions
within the molecule and the direct and indirect effects induced by molecular vibration.
In particular we could consider with this hamiltonian the terms characteristic of the
interaction between a nuclear magnetic moment and an external magnetic field, the
field induced at the nucleus by molecular motion, and the interaction of the magnetic
moment induced by this molecular motion with an external magnetic field. The effec-
tive hamiltonian is obtained by a second order computation in degenerate perturbation
theory and explicitly includes the parameters characteristic of spin-vibration and
spin-rotation interactions together with those associated with vibrational and rotatio-
nal Zeeman effects, and it can be written in a form of an effective hamiltonian for a
given vibronic state.

Several levels of approximation are possible: (1) the Born-Oppenheimer approxi-
mation, (2) the adiabatic corrections, and (3) non-adiabatic corrections. At the
level of the Born-Oppenheimer approximation, as the nuclei move about an equili-
brium position corresponding to a minimum of the potential function, it is assumed
that in this vicinity the electronic wavefunctions does not vary greatly with r. At level 1
the molecular potential of a given electronic state is invariant through isotopic sub-
stitution. Some electronic properties vanish at level 1 and at least level 2 approxima-
tion must be used. An example of this is the dipole moment of HD. To go beyond
level 1, one may add a term V,4(r) to the potential energy, (see for example [4]) which
depends upon nuclear mass and which accounts for the noninvariance upon isotopic
substitution of the molecular potential of a given electronic state. Some properties
are only partly accounted for at level 2 and level 3 must be used for a complete picture.
Examples are the differences in the electron spin densities at the protons in aromatic
radical ions such as C4Hg upon monodeuteration. Non-adiabatic corrections are
introduced when the computation of the effective hamiltonian is extended to second
order [3, 4]. The well-known relations between some electronic properties such as the
spin-rotation tensor and the paramagnetic part of the shielding tensor [5], the mole-
cular g tensor and the paramagnetic part of the magnetizability [6] only hold strictly
for clamped nuclei. Nonadiabatic corrections make the relationships between
these tensors only approximate for the vibrating molecule [3].

Many of the observed molecular electronic properties are coefficients of terms in
the effective molecular hamiltonian. These coefficients may consist of the sum of
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a purely nuclear term and a term which depends upon electronic variables. This
review comments on the latter only. Some rovibrational effects on properties are
largely accounted for at level 1, i.e., within the context of the Born-Oppenheimer
approximation, for example the isotope effects on NMR chemical shifts and coupling
constants, the vibrational or rotational state dependence of ¢gQ and C. We shall
concentrate our attention on these because they are the ones which are best under-
stood from a theoretical point of view and also most clearly characterized from a
quantitative experimental point of view. As a consequence of the Born-Oppenheimer
approximation the concept of a mass-independent molecular electronic property
surface can be used. This is analogous to the potential energy surface; the value of
any property in a given electronic state can be expressed in terms of a Taylor series in
the instantaneous displacement from equilibrium geometry.

1
P:Pe—{—ZPiqi+ Zfl)ijqiqj+§(§ Pijkqiqjqk+"' (1)

The coordinates describing the nuclear displacements may be in dimensionless normal
coordinates ¢, normal coordinates Q,, curvilinear symmetry coordinates S, or curvi-
linear internal coordinates fI;. The value of the property for nuclei fixed at the equi-
librium geometry is denoted by P, and the derivatives of the property surface P,
P;;, etc. are electronic properties which describe the sensitivity of P to small displace-
ments of the nuclei away from equilibrium.

Molecular electronic property surfaces are emerging into their own rightful place
in chemistry next to potential energy surfaces. They reflect basic features of the elec-
tronic distribution of the molecule, being sensitive to different portions of the distri-
bution, depending on the nature of the property operator. Even those properties that
are determined largely by the value of the wavefunction in the immediate vicinity of a
nucleus are found to be sensitive to small changes in internuclear distances. One of the
first formulations of coupled Hartree-Fock theory as applied to nuclear displacements,
the influential paper by Geratt and Mills [7] considered dipole moment derivatives.
Methods of computation of derivatives of a property surface have been reviewed for
u and o by Amos and also Helgaker [8]. The u(fI) and a(5) surfaces are of extreme
importance in the calculations of transition probabilities, i.e., intensities in IR and
Raman spectra. They are also relevant to the calculations of the purely vibrational
components of the electric dipole polarizability « and the hyperpolarizabilities 8
and 7, the vibrational components of which have their origin in the perturbation of
the nuclear motion by the electric field [9, 10], a deformation of the nuclear frame
simultaneously with electronic deformation. In some cases these vibrational compo-
nents of the hyperpolarizabilities can be of greater importance than the electronic
hyperpolarizability itself [11].

The obvious method of determining property surfaces in ab initio calculations is
by calculation of the property itself at the equilibrium geometry and at suitable values
of curvilinear symmetry internal coordinates. The values of the property may be
computed as expectation values of the corresponding perturbation operator or as
the derivatives of the perturbed energy or as the derivatives of some other property.
For example, the molecular electric dipole polarizability components can be-computed
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from the molecular wavefunctions in finite static electric fields as the second deriva-
tives of the energy with respect to the components of the electric field, or as the first
derivatives of the electric dipole moment components with respect to the static electric
field components. Alternatively, it is sometimes convenient to evaluate the first few
derivatives at the equilibrium geometry using analytic gradient techniques [12]. Un-
fortunately, some properties require highly correlated wavefunctions, which makes the
evaluation of derivatives difficult. The expansion in (1) is not appropriate when dealing
with properties of molecules with very large amplitude internal motions such as to
render meaningless the notion of an equilibrium geometry [13].

Examples of property surfaces are shown in Fig. 2, 3, 4 and 5. Fig. 2 shows the ab
initio surfaces for the nuclear spin-spin coupling J(CO) in the NMR spectroscopy of
CO molecule, calculated by [14]. Figure 3 shows the experimental surfaces (solid
curves) for y(HF) from [15], x(HCI), u(HBr) and u(HI) from [16], in comparison with
ab initio values calculated at various internuclear separations by [17] at the MCSCF
and other levels of computation. In Fig. 4 reproduced from [18] is the *H nuclear
magnetic shielding surface for H,” molecule calculated by Hegstrom [19] and the
experimental potential energy surface. In Fig. 5 the empirical nuclear quadrupole
coupling function for '?7I, in the ground and B electronic states have been obtained
from the rotational and vibrational dependence in up to about 80 vibrational states
[201.

Theoretical connections have been made between many molecular electronic pro-
perties at the equilibrium geometry [5, 6, 21, 22]. This would mean that by appropriate
rovibrational corrections the same ab initio surface can be used for evaluating more
than one property. See, for example, [23].
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Fig. 3. Calculated and experimental dipole
moment functions of the hydrogen halides.
Vertical bars mark the equilibrium distances.
Solid curves are from Sileo and Cool (HF)
[15] and Ogilvie et al. (HC1, HBr, HI) [16],
and the calculated points shown are for
various ab initio calculations by Werner et
al. [17]. Reproduced from Werner HJ,
Reinsch EA, Rosmus P (1981) Chem. Phys.
Lett. 78: 311, with permission [17]

Fig. 4. The proton nuclear magnetic shield-
ing surface and the potential energy surface
for H, plotted from values given in [19].
Reproduced from Jameson CJ, Osten HIJ
(1986) Ann. Reports NMR Spectrosc.
17:1, with permission [18]
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Fig. 5. Empirical nuclear quadrupole coupling function and potential energy curves for the X and
B electronic states of *"1,. Reproduced from Spirko V, Blabla J (1988) J. Mol. Spectrosc. 129: 59,
with permission [20]

The properties discussed in this review can be expressed entirely in terms of nuclear
position coordinates and thus the property surface can be expanded around the equi-
librium geometry in terms of property derivatives with respect to nuclear coordinates
of some type (Cartesian, normal, etc.). In those cases where the property has significant
non-Born-Oppenheimer contributions, the concept of a property surface is still useful,
provided that by means of perturbation theory, the first order vibronic func-
tion incorporates the change in electronic state that is due to small nucle-
ar displacements ¢, so that the electron cloud may be thought of as being
modulated by the vibrational motion of the nuclei [24]. The concept of property sur-
faces has been extended by Buckingham et al. to include property surfaces expanded
in terms of derivatives with respect to nuclear velocities or nuclear momentum. The
latter have been used to describe VCD and other phenomena [24]. (See also [25-27].)

2 Theoretical Considerations

The expectation value of a property P in an arbitrary vibration-rotation state of a
particular isotopic form of a molecule, {P), may be derived by Rayleigh-Schrodinger
perturbation theory [28], by use of contact transformations {29], or by a method based
on the Hellmann-Feynman theorem [30]. We require the expectation values of P in
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the state which is an eigenfunction of the molecular vibration-rotation hamiltonian
operator

H= H(O) + AH(U + /IZH(Z) + ..
in which H, is the hamiltonian for non-degenerate harmonic oscillators and a rigid
rotor, having known solution X®. 1 is a smallness parameter, H<1) and H,, are per
turbations each of which includes terms due to anharmonicity and vibration-rotation
interaction. The property P has a corresponding operator which can be expressed as
in (1), in which the sums over the reduced dimensionless coordinates are unrestricted.

To first order in A, the expectation value can be evaluated as

(P, = (X© + IXW[P| XO 4 )X

2
— (XOPIX + 2iXOP| X0 @
or
1 1 ®Giij 1 .
Py=P +>Y|=B,-) =P v, + = ) + rotational part + -
¢ i 2 j 2w, 2
: )
where o; and g;;; are the quantities in
1 , ’
V= 31 Zl, wqi + T ; @i + - (4)

Equation (3) was obtained by Toyama, Oka, and Morino [28]. The same result can
be obtained by contact transformation, which see below.
The hamiltonian H itself is transformed by 7, HT, ! into [29]

Hi + AH + PHj, + ... Q)
where

T, = &1 (6)
from which

Hj, = Hg, (7

Hy, = Hy, +ilS,, Hy) ®)

Hyy = Hoy + 15, (y + Hy) o)

The function S, is chosen in such a way that all off-diagonal matrix elements of
H(,, vanish, i.e., such that the commutator of S, with H, is the negative of any term
in H, which is non-diagonal. To obtain wavefunctions correct through second
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order, it is necessary to carry out a second contact transformation on H' to remove the

off-diagonal elements of Hj,, i.e.,

H' = TLH'T; = Hy, + AH};, + 1’ H},, + (10)
where

T, = ¢V%2 (1)
It then follows that

H{,, = Hi, (12)

H} = Hy, (13)

Hp, = Hp, + [Sy, Hig) (14)
Since H(O) is diagonal in a harmonic oscillator basis set, and since H = H(O), and

H{;, has been made diagonal in the same harmonic oscillator basis set, H, + Hy is
diagonal in the harmonic oscillator basis set and the latter are therefore first order
wavefunctions of H', i.e.,

+ H,

<X(O)| 1)

(0) |X(O)> — <X(0)| T( o H(l)) T-1 IX(0)> (15)

Theretore T-'X® are first order wavefunctions of H. Similarly,
<X(O)| H(O) + H(1) (2) IX(0)> = <X(0)| T2T1(H(0) + H(1) (16)
+ Hp) 7' T3 (X

and therefore 7, 1T2‘ 1X© are second order wavefunctions of H. To use wavefunc-
tions of second order in evaluating the expectation value of P, we shall need to eva-
luate the matrix elements

XOILTLPTIT; XY,

which are, in fact, the harmonic oscillator matrix elements of the doubly contact-
transformed P operator.

P = P«,, + ,IP(“ + AZP(Z) + . 17
where

B, =F.+ ) Pg (18)

=Y L g
2 2— 104 (19)

1
=2 37 Radd (20)
ijk
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The doubly contact transformed operator is then found [31]

LT,PT{'T;! = Pt = P(*O) + P[l) + P(*Z) + ... (21)
where
Ploy = P, (22)
P(Tn = Pu) + i[Sv P(o)] @3)
2
. 1 .
Pl =P, +i[S,, P, )] + 3 [S,, [S), Pl + 1[S,, Pl (24)
. . 1
P(Ta) = Pm + 1[S1, P(z>] + 1[Sz’ P(l)] ) [Sv [Sx’ Pm]] +
. 1
+ lz[st [Sl, P(o)]] - 7 [S s [S 5 [S B P(o)]]] (25)

From the commutators of S, and S, w1th the normal coordinate operators q;, the
commutators of S, and S, w1th P Pu)’ and P, can be evaluated. The results are:
(31]

P{oy = Py = P, + Z Pig; (26)

1 1
P{1)=22’ qql+ZZZ‘PSquJ—FPS“‘(I—I—élk—Fb) Pl (27

igj

The expression for P{,, has been derived by Marcott, Golden and Overend [32].
The quantities S, and S involve the cubic force constants and harmonic frequencies.
These and other quantities appearing in PJ,) are given by Amat et al. [29, 33]. The
leading terms in the formula for the expectation value of a property of a diatomic
molecule was derived by Buckingham [34], the general formula with terms up
to 6™ order by Herman and Short [35], Toyama, Oka, and Morino provided the
leading terms in the formula for a polyatomic molecule [28]. The vibrational terms for
a property of an asymmetry rotor was given to general n® order by Krohn, Ermler,
and Kern, [36] to which rotational terms were added by Fowler et al. [30] (with an
earlier version in [37]).

The expectation value of P for non-degenerate modes is then given by [30]

<X(0)| Pt lx(0)> —

1 1 1
<P> = PO + Z As (Vs + 2> + Z Bss’ <Vs + 5) <Vs’ + 2> (28)

s<s’

where
Pe + Z 64 ssss Z F, sss iss/288w + Z 3R ss§ s’(psss’ws’/32(4w52 - wsz/

s#s’

(29)

s = s%/2 - Z P’(/)s%s /2&) ’ (30)

= 9555/16 Z sss’(psss 8(0 - 3('0 )/8('0 (4(1) - w ) (31)
s%’ = sss s’ /4 Z ( sss" Py rgr + Ps’c’ s”(psss")/4ws”

Z ) P W A02 — ©F — %)/ Dy o (32)

Dss’s” = (('Os + Wy + ms”) ((Ds + Wy — ws”)

X (ws — W + ('05”) (_(Ds + (O + ws”) (33)
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In the first applications of these formulae the values of A, B_, and B_, were calcu-
lated by Krohn et al. for the 0 and D quadrupole coupling tensor and the dipole
moment in H,O, D,0, and HDO [36]. Off-diagonal matrix elements, which corres-
pond to transition integrals for P being the dipole moment operator, have also been
derived by Overend [38-40] using contact transformations. The advantage of this
type of approach for any electronic property is that the vibrational wavefunction
need not be evaluated explicitly and only a knowledge of the derivatives of the pro-
perty at the equilibrium geometry is necessary for calculations of vibrational state
dependence, rotational state dependence, temperature and mass dependence of any
electronic property.
Keeping only terms quadratic in the normal coordinates in the expansion (1) [28]

tot. sym.

R, 1 .
Py =P+ [7 - ) H,(psss,/2ws/:| <VS + 5) + rot. contrib. (34)

s/

is directly obvious from
d,
<qs'> = _Z (qosss’/zws/) Vs + ? (35)

d, is the degeneracy of the s™ mode. The rotational contribution to a single reduced
non-vanishing only when s’ is totally symmetric, and

d,
<qsqs’> = <vs + 7) 555’ . (36)

normal coordinate q_, to be added to (35) is [28]

1 1 1/2 axt
(hcw> Y= I (37)

dncw, = (19)?

where J? is the rotational angular momentum about the « inertial axis, and the co-
efficients a% are the derivatives of the « moment of inertia with respect to the s™ nor-
mal coordinate. Simple forms of the rotational contribution have been obtained for
Y aZ/1 in highly symmetric molecules with only one totally symmetric mode [41]

ag 6
Yqo = —ws forn=64and3 (3%)
“la TOMIT iy AX(0,), AX(Ty), and AX,(Dy)
: for AX,(D_,)
=—5 or
re(zmx)l/z 2 aoh
4
—5 for diatomic molecules.
L i

The complete expressions for a symmetric top, involving degenerate vibrational modes,
and for a spherical top are given by Fowler [30, 42]. The rotational contributions for
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asymmetric tops complete to second order in the contact transformation have also
been derived by Fowler [43]:

(PYy — {PDy = BM3MPP+ZRJJ+U (39)
/

where P, P, . are the coefficients in the expansion (1).

The above expressions then allow the calculation of the rovibrational average of an
electronic property P observed for any [VJK) state. For the thermal average property
measured in NMR or electron diffraction, where the observed property is an average
over the different populated rovibrational states, one needs only the thermal averages
of JJ + 1)) and {v + 1/2). This is accurately obtained for small number of vi-
brational modes by summing up over the rovibrational states weighted by populations
and degeneracies:

Z (2 + 1) gnlPDyi exp (—E ik /kT)
7,

K

Z (23 + 1) gns exp (—E, 5 /K T)

v, J,K

v,

Py = (40)

including nuclear spin statistics. Nuclear spin statistics are important at low temper-
atures, as shown in Fig. 6 where the thermal average of nuclear shielding components
of ortho and para H, and D, are compared with HD [44].

For diatomic molecules the potential energy and the molecular electronic property
surfaces are conveniently expressed in terms of the dimensionless reduced coordinate

&= (R— Re)/Re (41)
0-D; O
i oL -
25.800 0-D, 2
27.400
P-D, HD
25.750
HD
27.350+
P-H,

25700+ P-H,
27.300 o_y,

0-H,
25.650 |-
411 1 1 | |
0 200 400 27.250 0 200 400
T(K) T(K)

Fig. 6. Calculated nuclear magnetic shielding components for H or D in H,, HD, and D, [44]. Re-
produced from Ditchfield R (1981) Chem. Phys. 63: 185, with permission
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as follows [34]}:
V(R) = a,&(1 + a, ¢ + 2,8 + 2,8 + ..) 42)
where
8, = W;/4B, @3)
_ , P// ) P/// . Piv .
P—Pe+Pé+7£ +?£+ZTC+ (44)

The rovibrational averages <£,,, &, ,» --- can be obtained by second order perturba-
tion theory:

B, 1
vy =—3a; — <V + -> (45)
W, 2

5 B. |
EDu=2—|v+> (46)
W, 2
etc. Collecting terms, it is then possible to write,
1 1\2
(P)=P+P JJ+1)+§R vty +B{v+= 47)

where, keeping only terms up to (B, /w,)* [34],
P, = 4B,/w) P’ (48)
PI = (Be/we) [P” - 3alPl] (49)

and [35],

2 PW 5 1 15 2 "
Pllz(Be/we) T—Eaip - 331—332 P

45 )
+1{ - > aj + 39a,a,— 152, | P (50)

Note that P,, and Py oc u~! and P; oc u~'/2. Therefore differences in the rotational
and vibrational dependence of molecular electronic properties of isotopomers of
diatomic molecules will largely reflect this = and p~'? dependence. In (50) are
the terms P,; which come in at the second contact transformation in which it should
be noted that P’ and P”” appear only with higher order terms in the potential energy
(a, is a quartic force constant and a, is a quintic force constant).

The advantage of using an expansion such as (42) by Dunham is that the resulting

{ P) are expressible in the same a, coefficients so that the relative order of magnitude
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of contributions to {P) are perceptible, as in (49)-(50). However, the numerical
V(R) which is consistent with all the measured frequencies for the molecule may not
be accurately described by (42). For more accurate average values (&) and (&),
one may need to perform a numerical integration using the numerical rotation-
vibration wavefunctions which are the solutions of the Schrédinger equation with
the numerical V(R). When a numerical integration over the numerical vibrational
rotational wavefunctions (which reproduce the experimental spectroscopic energies
of the ground state) of HD is used, the vibrational correction to the NMR spin spin
coupling constant J(HD) at 0 K is found to differ by 0.09 Hz (out of a total rovibration-
al correction equal to 1.81 Hz) from that obtained using the Dunham expansion
[45]. Such accuracy in the rovibrational averaging procedure is warranted when the
property derivatives P’ and P” have been calculated to sufficiently high accuracy by
ab initio methods.

3 Observed Vibrational and Rotational State Dependence
of Electronic Properties

Outside of the dipole moment, the largest number of examples of vibrational depend-
ence of an electronic property are probably those of the nuclear quadrupole coupling
constants obtained from the Stark hyperfine structure in molecular beam electric
resonance (MBER) spectroscopy, or from high resolution microwave. This property
can also be obtained from pure nuclear quadrupole resonance spectroscopy or from
NMR but these are of course thermal averages rather than state-labeled values. The
nuclear quadrupole coupling constant eqgQ is a measure of the electrical interaction
between a nonspherical nucleus and a surrounding electronic environment which is
likewise non-spherical. Since the trace of the electric field gradient tensor is identically
zero, then for a nucleus in a linear molecule only one value needs to be specified, the
component usually referred to as g,, or simply ¢. The eqQ values of **Clin HCl and DCl

have been measured for several vibrational and rotational states and an analysis in
the form of (47)—(50) leads to

| dq) 1 d2q>
— | —=) =146+006 and —|— | = —3.3 + 0.4[46],
qe <df e - (dfz ¢ + 0414¢]

€

which are in good agreement with Huo’s theoretical values 1.49 and —3.07 respectively.
Measurement of the rotational dependence of the "Br eqQ by MBER allowed P, in
1/d

(47) to be obtained, from which by (48) <d—2—> = 1.556(3) [47]. An earlier attempt to

€

analyze the earlier much less precise data from millimeter wave spectra of the hydrogen
halides and their isotopic species by using these same equations led to P, P, and
P, values for each isotopomer [48], from which first and second derivatives could
have been obtained. Unfortunately the experimental errors in the derived values
P_. and P, themselves were too large. In I, the nuclear quadrupole coupling constant
in the ground state has been determined for a large number of rovibrational states
especially in the range v = 26-86 [20]. These are shown in Fig. 7. Although the data
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Table 1. The linear and quadratic terms in the vibrational contributions
to the electric field gradient. The numbers shown are the coefficients of

(v + %) in (44)-(46)"

Nucl : (dq> & : <d2q> & S
ucleus I a—g . qu déz . um
Clin HCI 0.03701 ~ —0.01090 0.02611
Brin HBr 0.03572 —0.00802 0.0277
Oin HO™ 0.08422 0.00329 0.08749
Sin HS™ 0.06294 —0.00923 0.05371

Clin FCl 0.00624 —0.00624 0.0

2 Calculated by Lucken [56] using theoretical derivatives given by Cade
[47]

were not fitted specifically to the form of (47), there is clearly a quadratic dependence
1
0 — .
n{v+ 5

The sign and magnitude of the vibrational dependence of the electric field gradient
in diatomic molecules is determined mainly by the first derivative and thus by the
anharmonic contribution. In Table 1 the vibrational contributions are compared in
selected diatomic molecules, for which the first and second derivatives had been
calculated by Cade [49]. The anharmonic term clearly dominates in all but FCI

molecule.
The "F spin-rotation constant in F, has been measured by Ozier and Ramsey
[50] as a function of rotational quantum number:

C/kHz = —156.85 + 0.10 + (0.0024 + 0.0010) JJ + 1). (71

From (48) we identify
0.0024 + 0.0010 = 4(B_/w,) C’

from which
C' = (dC/dé), = —650 kHz .

The interesting part of the spin rotation constant is that due to the electrons. Ac-
cording to the theory of Reid and Chu [51] the spin rotation constant for a state v,J
is the sum of three contributions

C,=Ci'+Cl+Cy. (52)
The nuclear contribution results from the magnetic field generated at the nucleus of

interest (whose g factor is g) by the motion of all the other nuclei N'. For a diatomic
molecule only the perpendicular component is non-vanishing and it simplifies to

C:;‘Cl _ e:u'ngN
Hz 2ncu

Zy (R7%),, (33)
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u, being the nuclear magneton and p the reduced mass. This contribution is directly
proportional to the direct nuclear spin-nuclear spin interaction constant which also
can be measured independently from the experiment. The second term arises from the
Thomas precession caused by the acceleration of the nucleus in question in the internal
electric field, which for H, molecule is [51]

ch h 1 dV(R)
- — (54)
Hz 4mmlc* \R dR /,

where V(R) is in (42). This term is zero at the equilibrium geometry and is a very
small contribution for state v,J. The third term arises from the mixing of excited
electronic states into the ground state by the molecular rotation and is therefore
directly related to the paramagnetic part of the nuclear magnetic shielding, of which
only the perpendicular component is non-vanishing for a linear molecule. For a
diatomic molecule at its equilibrium geometry the relationship can be written as

cel_ O M BN
©o2mopy uRE T

(33)

The relationship holds strictly only at the equilibrium configuration. As an approx-
imation, we can use the following relation between the rovibrationally averaged
properties

! 1 1"
Cil — C:I + Cel<€>1 + icel <€2>] 4.

~ 2 Mo ENT [G‘e’ + 6" (/R + ! o” (E2RYy, + } (56)
2n pug 2u 2

From the MBMR hyperfine spectrum of H, the values C,-; = 113.904 (30) kHz,
C,_, = 111.10 25) kHz, and C,_; = 105.37 (32) kHz were measured by Verberne
and Ozier [52]. From these, after making the corrections using (53) and (54), the
electronic parts alone are —92.271 (30), —90.41 (25), and —87.74 (32) kHz respective-
ly for J = 1, 3, 5 states. These are then written in the expansion (56) and the average
({"/R?); , -, are obtained. It was found that either the set ® = +2.810x 10~ and

1 1t p— ’ — 1 17
Eo’" = 40.29 x 107% or the set ¢® = +2.963 x 107% and 3 o®”’ = 0 fit the ex-

perimental values of C§' equally well [52], that is, the leading rovibrational correction
term goes as {¢/R*) rather than (£%/R*). This is consistent with (48) in which the
rotational state dependence of an electronic property of a diatomic molecule depends
only on the first derivative; the first correction to (48) involves the 3rd derivative,
as already indicated in (39). A later analysis by Raynes and Panteli of the rotational
dependence of the spin rotation data combined with isotope effects on shielding
data again provides only the first derivative [53]. Their further conclusion is that
even for the H, molecule the theoretical proton magnetic shielding surfaces are not
sufficiently accurate to reproduce the observed NMR isotope effects within the ex-
perimental errors.
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The '®*Hg nuclear spin-electron spin interaction constants b in **HgH, *°HgD,
and '"HgT have been determined as a function of vibrational and rotational state
in the ground electronic state, from an analysis of the hyperfine splittings observed
in the electronic spectra [54]. Fermi contact and dipolar terms contribute to this

property:
8% (3cos? —1)
b = ge8ughtnttn ( — Copin) —( — =5 (57)
3 2r v

(gspin>, the electron spin density at the Hg nucleus and {(3 cos* — 1)/2r*) are averages
over the molecular electronic function. The electronic spectra show a considerable
decrease in b with increasing vibrational quantum number and is most pronounced
in HgH, followed by HgD, and HgT. There was also a decrease in b with increasing
rotation, which too was greater in HgH than in HgD or HgT [54]. The same para-
meter b can be obtained from the hyperfine structure in the ESR spectra of HgH and
HgD in an argon matrix at 4 K [55]. Examination of the H-D isotope effect leads
to the conclusion that the average spin density on Hg is slightly smaller in HgH
than in HgD. The vibrational and rotational dependence of b and the isotope effects
all are consistent with the (0| Qspin |/OR), being negative.

When the dependence on v of an electronic property of a diatomic molecule is
measured, P, and P, in (47) can be determined and from P, the quantity

(P — 3a,P’)

can be obtained. In principle this can be combined with P’ obtained from the rotational
state dependence so both P’ and P"’ can be determined. The analysis is much more
involved than this for polyatomic molecules.

The vibrational dependences of the nuclear quadrupole coupling constants of
symmetric tops in which the quadrupolar nucleus lies on the symmetry axis, have
been observed in the gas phase. A summary of data prior to 1983 is provided by
Lucken [56]. The magnitude of eqQ is larger or smaller for v, = 1 than for the ground
vibrational state, depending on the vibrational mode. This is not surprising. As we
can see in (28), for the s™ mode the change is proportional to

1 Pss sss’

— (==Y P @ )

2\2 %Y 20,
Since the first and second derivatives of the electric field gradient with respect to
the reduced normal coordinates are of various signs, as are @, the above expres-

sion can be of either sign. In most cases the property is known only for the v = 0
and v = 1 states, so that the determination of P, depends on the assumption that the

plot of the property vs. (v + l) is a straight line, which has been shown in some cases
2

to be a pbor approximation (e.g., see Fig. 7). At best only combinations of first
and second order derivatives of the property with respect to normal coordinates,

1 , . .
e.g., 3 [P33 — Pi@33 /0y — Pywsss/w,], can be obtained from the experimental
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A Fig. 7. Vibrational dependence of '*’I nu-
clear quadrupole coupling constant in I,.
a5k Reproduced from Spirko V, Blabla J (1988)
' J. Mol. Spectrosc. 129: 59, with permission
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measurements of the vibrational dependence, even when linear plots of the property

. 1 . . .
against <v + 5) are obtained. These are shown in Table 2 for AsF,. Further drastic

approximations (neglect of terms containing cubic force constants @31, @332, Gaar,
and ¢4, and neglect of off-diagonal L matrix elements in the normal coordinate
analysis) lead to rough estimates of second derivatives with respect to bond extension
and angle deformation [56]:

1 /9% . 1 1 /92 .
R e R Y A il A PR STV
q. \or?/, q. 12 \oa? ),

for the electric field gradient at the 7 As nucleus in AsF,.

Table 2. Empirical values of derivatives of P = eqQ of "*As in
AsF,

P, & @
m~ L2 = _ Y P, )/MHZ®
* ofe <2 32 ¥ 20,

A, 1 74055 1.804(80)
A, 2 33650 0.988(6)
E 370220 1.34(17)
E 4 26230 0.23(15)

2 Ref. [175]. ® Obtained from eqQ (v, = 1) —eqQ (v = 0)
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4 Mass-independent Electronic Property Surfaces and Derivatives
of Surfaces

While (28) gives the simplest form of the connection between the properties of the
potential surface w,,, ¢, etc. and the rovibrationally averaged molecular electronic
property, { P), they are not the relations of choice when discussing isotope effects, since
the reduced dimensionless normal coordinates are mass-dependent. Furthermore, it
is sometimes easier to understand the physical interpretation of a property derivative
when it is expressed in terms of curvilinear internal displacement coordinates such
as bond stretches and angle deformations. For these reasons, it becomes necessary
to consider the transformation of the expansion (1) into these curvilinear internal
coordinates §I;. For example, in the CH, molecule, fI; (i = 1-4) denotes one of the
four bond extensions Ar,, Ar,, Ar,, and Ar, (which we will denote simply as 1, r,,
13, Iy) and S; (i = 5-10) denotes one of the six interbond angle changes a;,, o3,
etc. 51, have a nonlinear relationship to the dimensionless normal coordinates [57]

1=1q or a1 =LQ (58)

which stand for the relationships

_ | 1o
A =3 g, + 5 L LR + 57 2 Laa. + - (59)

r,s 3!r,s,t

where the sums are unrestricted. Expressions for L elements are given by Hoy, Mills,
and Strey [57] and L elements are related to these since the reduced (dimensionless)
normal coordinates g, are related to the normal coordinates Q_ by

g = (0/B)"2Q, . (60)

Additional L elements are given by Fowler and Raynes [58] and Louinila et al. [59].
For molecules possessing high symmetry, relationships between L elements lead to
simplifications in (58). For fI; = Ar; in AX,-type molecules of symmetry Oy, Ty, Dy,
D, with only one totally symmetric mode of vibration of frequency w,, {41]

_ h 1/2
L;:[__} , i=lton (61)

2rcw nmy

and L{ = 0 fors # 1. For example, in CH,-type molecules including up to quadratic
terms in the normal coordinates,

- 1.
<Ar1> = Li<q1> + ELfﬂa<q§>
+ ST + S TN + . ©)
Ar ) = Ly <ap> + LY <a)> + CFY <gp + (63)
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In terms of these curvilinear internal coordinates, (1) can be rewritten

op 1 o*P
P=P Ralll ' A of (Rl S
e+zl“<aﬂl> 1+2'12J<aﬂlaﬂj>e o

+ ! Y P >$[$I$I + (64)
3!ijk<aaia;1jaﬂk e

where the sums are unrestricted. Symmetry relations between the derivatives (0P/0fL).,
etc., also reduce the number of unique derivatives, depending on the property. The
magnetizability, the electric dipole polarizability, and higher polarizability tensors
of the molecule depend on the symmetry of the molecule as a whole in its equilibrium
geometry. The number of unique non-vanishing components for various symmetry
groups have been determined by Buckingham et al. [60] for molecular moments and
polarizabilities in static fields. The numers of independent derivatives of the dipole
moment, quadrupole moment, and dipole polarizability for various molecular types
of given geometry and total charge have been tabulated by Fowler and Buckingham
[21]. The symmetry properties of dipole moment, electric dipole polarizability and
the first hyperpolarizability components have been given in detail for the various
symmetry point groups by Cyvin, Rauch, and Decius [61]. Other properties are site-
specific, such as the electric field gradient, the nuclear magnetic shielding, the spin
rotation constant. These properties have the symmetry of the molecule if the site is
at the center of the molecule; a different nuclear site leads to a lower symmetry. For
example, in CH, the nuclear magnetic shielding and electric field gradient at the proton
and the *C-'H spin-spin coupling constant all have C,, symmetry. Furthermore,
because of this C,, symmetry, the electric field gradient tensor at the proton has only
one independent component. In CH, the 'H-"H spin-spin coupling is of C, symmetry.
Buckingham et al. [62, 63] have tabulated the number of independent components
of the spin-spin coupling tensor and also the nuclear shielding tensor [64-66] for some
important point group symmetries. Furthermore, the number of non-vanishing unique
first derivatives (and higher) of the property depends on this site symmetry. For
example, in the pyramidal AB, molecule, the first derivatives of the electric field
gradient at nucleus A with respect to the normal coordinates of the E vibrational
modes are zero, but this does not apply to the electric field gradient derivatives at
the B nuclei. There are similar site symmetry consequences for the property derivatives
with respect to internal coordinates. For example, there is only one (96</dr), for *C
nuclear magnetic shielding in CH,, but for 'H shielding the derivatives (3¢"1/0r)),
and (0g"1/0r,), are different [41]. Thus, one may write as in [67]

(6(BQ)y =0, + o({r) + () + ) + <))
1
+3 o, (K3 + <) + ) + 1)) + . (65)

where

g, = (0¢°/0r,), = (0c[0r,), = (06°/0r,), = (d0“/Cr,), (66)
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whereas
(a(H)) = 0, + 61> + 01> + {13 + <14))

+ %0"<ff> + %Gss(<r§> + 2+ ) + . 67)

where, for the proton participating in C-H bond 1 of four C-H bonds in CH,,
o, = (80 /0r,), . (68)
o, = (30" /ar,), = (3a"/or,), = (30" /r,), . (69)

The relations between the mass-dependent property derivatives P, in (1) and
the mass-independent derivatives P_in (64) can be written in terms of the L tensor
elements (which contain the mass factors). See for example [58].

P=YRL

s r s
r IS

P,= Y BLY + YR LIL
Po= ¥ PLY 4 TR (LY + UL 4+ LAY + TRLULLE (70

r rst

In early treatments only the first order terms in the L tensor were included in the above
equations [68]. Symmetry relations between the L tensor elements lead to simple
relationships between the derivatives of the properties. For example, for the properties
P which have the symmetry of T, in the isotopomers CH, D

4-n""n’
P, = —4P L} (only one A| mode) in CH, and CD, (71)
or P,=—P(Ly + 303, n=1,2,3c A inCH;Dand CD;H (72
or P,=—2P(L} + L%, n=14c A inCH,D,. (73)

In CH, and CD,, the third derivatives are (leaving out the 3rd order terms in the L
tensor) [69]:

Pluge = 8P, + P ) L2 + 9P, + P, ) L2012 + ... (74)

12a2a 1

and for u = 3x, 4x

Pluu = 8(Prr + Prs) ]_"}]—"l;“ + 4(Pm - Paw) I:lé]:éu + 16Pra]:l111:é“ + ...
(75)

The analogs of (62) and (74) and (75) for the lower symmetry mixed-isotope species
can be derived in a straightforward way for each molecular type and property site
symmetry. For some explicit examples see Raynes [67]. The first order terms take on
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Fig. 8. Property surfaces of CH, molecule. The absolute value of the magnetizability and the *C
nuclear magnetic shielding are plotted as functions of the symmetry coordinates defined in the text.
S, and S; are in Angstroms and S,, and S,, are in radians. Reproduced from Lazzeretti P, Zanasi R,
Sadlej AJ, Raynes WT (1987) Mol. Phys. 62: 605, with permission [70]

particularly simple forms in highly symmetric situations. For example in AX_mole-
cules (O, T, and D,, for n = 6, 4, 3) [41],

(Py =P, + (h/4r’w, cnmy)'? (q,> " P’ + ... (76)
where P’ = [(OP/0r)), + (0P/Cr,), + ... + (OP/Cr,) ] (77)

where my is the mass of the X atom and <q,) is given by (35) and (37) where w, is
the totally symmetric vibrational frequency.

In ab initio calculations of surfaces the sensible approach is of course to use not
bond displacements but simultaneous displacements which reflect the symmetry
of the molecule, i.e. symmetry internal displacement coordinates. The choice of sym-
metry coordinates is the same as for the potential energy surface. Figure 8 shows
sections through the y (magnetizability) surface and the ¢© (**C nuclear magnetic
shielding) surface calculated by Lazzerettiet al. [70] in the symmetry coordinates
given below:

1
S, = E(r1 +r,+r,+1,) (78)
where r, describes the increase in the length of bond i relative to its equilibrium value.

Sza = (12) 7 2 Qutyy — oy3 — oty — 03 — pq + 20t34) (79)

and

(03 — 0y — Oyy — 0y) (80)

MO~

S =

2b
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where o;; denotes the increase in the interbond angle between bonds i and j from its
equilibrium value.

S,, = %(r1 —1,+1,—1,), (81)

S;, = %(r1 —rI,—1,+1,), (82)
and

S,, = ’;'(H +r,—r1,—1,), (83)

Sy = 27 P (o, — ), (84)

Say = 27 (oy3 — 0144) (85)
and

84z = 27 (030 — t12) - (86)

Similar-surfaces in terms of the symmetry coordinates have been plotted for O and H
nuclear shielding and magnetizability in H,O [71], and for electric dipole polarizability
and molecular quadrupole moment in CO, [26].

The largest contributions to the value of the property at the equilibrium geometry
P., and to its derivative (OP/0SI), may come from distinctly different regions within
the molecule. For example the °F nuclear magnetic shielding in HF is dominated
by the diamagnetic term which depends on r~' of the electrons whereas (06/051), is
dominated by the paramagnetic term which depends on r~3 [18]. A mapping of the
nuclear shielding density function shows the contributions to the shielding from
various regions in the molecule, and a mapping of the distribution of (do/dfI), shows
which regions of the electronic distribution contribute to the change in shielding as
the bond is extended [72]. A similar conclusion has been reached in the case of u
and (Op/0A), [73].

5 Temperature Dependence

5.1 Calculations

Calculation of the thermal average of a molecular property using (40) including nuc-
lear spin statistics, is feasible for a molecule with only a few vibrational modes, e.g.,
H,O [58]. In this example Fowler, Riley and Raynes used ab initio SCF property sur-
faces for the electric dipole moment, magnetizability, proton magnetic shielding and
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70 magnetic shielding to obtain the derivatives P,, P, etc. of the various properties
[71]. An accurate empirical anharmonic force field was used to determine the quantities
s, Pgsrr a2%, and E, k. The thermal averages {P), were calculated using (28)—(33)
and (40) [58]. Rovibrational states up to J = 25 and levels less than 5000 cm~! above
the zero-point levels were included for each of the 18 isotopomers (*H, 2H, *H, €0,
170, 18Q). The literal summing up of terms can be time-consuming when the density
of rovibrational states is high. If nuclear spin statistics are ignored, if rotation is
averaged classically, and if the harmonic oscillator density of states is used, then

I\T 1
<v5 + §> =3 coth (hcw,/2kT) (87)
BT =1 kT (88)

Equations (35)37) become

1 1
Q) = — = Y. @ggs — coth (hcw,, /2KT) (89)
20, v 2
d
(s> = 75 coth (hcw/2kT) Jg, (90)

and the rotational contribution to a single reduced normal coordinate g to be added
to (89) is

KT /1 \!/2_ a®
(Qeens = + (—) g2 o1)

')
dncw, \hcw, = 1©

(See Toyama et al. [28], and Jameson [41, 68]). In this case, keeping only terms qua-
dratic in the normal coordinates in the expansion (1) [28, 68]

tot. sym.

P 1
(PY'=P. . +% |:§ -y PS,(pSSS,/2wS,:| =) coth (hcwy/2kT) +...

tot. sym. h 1 3/2 a:f‘
+ Y P <‘> kT Y + ... (92)

g~
5 2 \heo, = 1O

With these approximations the form of the temperature dependence of an electronic
property becomes more obvious than in (40). For x = 2.5 the function coth x changes
by less than 1 part in 100 when x changes by 1 part in 7. Thus, around room tempera-
ture (T = 300 K = 208.5cm™") only those vibrational modes having frequencies
such that o /2kT =< 2.5, i.e., o, < 1000 c¢m ™! make substantial vibrational contri-
butions to the temperature coefficient of any property. Inclusing only terms up to P”

1
and taking the coth approximation for the thermal average of {v + 5>, (as in (87))
for diatomic molecules:

kKT (B 1
(P =P+ 4B o P+ <-> (P" ~3a,P) = coth (hcw,/2KT) + ..

(&)

[ 2

93)
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Table 3. Relative contributions to the P’ term of ({PY*%% —
{PY3Ky for a diatomic molecule®

o fem™! % Rotation % Anharmonic vibration
600 52 . 48
800 61 39

1000 70 30

1200 79 21

1400 86 14

1600 92 8

* Using a, =~ —2, which is a typical value

The above equation was derived by Buckingham [34].

The relative contributions of rotation, harmonic vibration, and anharmonic vibra-
tion to the temperature dependence of an electronic property of a diatomic molecule
depend on w, and a,, as well as the property derivatives. For 300 K to 400 K the rela-
tive contributions to the P’ term of the temperature dependence of {P)" can be esti-
mated, as shown in Table 3. For diatomic molecules (such as N, or CO) with fairly
high vibrational frequencies the temperature dependence of a molecular electronic
property can be dominated by rotation [68, 74].

The relative contributions of various terms to thermal average shielding in a di-
atomic molecule can be seen in Tables 4 and 5. The sign and magnitude of the vibra-
tional dependence is determined by (P"" — 3a,P"). The values of a; being typically about
—2, the vibrational dependence of many properties is contributed mainly by the first
derivative and thus by the anharmonic contribution [68]. We note in Table 4 that the
third and higher order terms in (44) have very little effect on the thermal average shield-
ing. Terms up to the second derivative comprise 92-99 %; of the total calculated value.
Although the rotational contribution to {4r)" is usually one order of magnitude
smaller than the vibrational contribution, it plays an important role in the tempera-
ture dependence of an electronic property. As an example, the temperature dependence
of nuclear magnetic shielding in some diatomic molecules calculated using (93) are
shown in Table 5. The temperature dependence of the shielding depends nearly entire-

Table 4. The cumulative contributions, linear, quadratic and higher order rovibrational contributions
to the thermal average shielding at 300 K, {¢>**° — ¢, in ppm [44]

Nucl. Mol. (do/d&) (&> (da/d&) (&) + Up to 6th order

1
5 (d?0/d&?), &%

H H, —0.5554 —0.3964 (97°%) —0.3814
'H HF —0.7021 —03721 (95%) —0.3911
19F HF 742 —11.113  (99%) —11.23
'H LiH —0.1228 —0.1238  (99%) —0.1228

"Li LiH +0.1386 +0.0726 (92%) +0.0786
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Table 5. Temperature dependence of nuclear shielding, {o)**® — <), in ppm® [18]

Nucl. Mol. Rotational Anharm. vib. Harm. vib. Total

'H H, —0.0282 (100%)  ~0 ~0 —0.0282
q "LiH —0.0091 (79%) —0.0008 —0.0016 —0.0115
TLi SLiH +0.0253 (96%) +0.0023 —0.0013 +0.0263
'y HF 00253 (100%)  ~0 ~0 ~0.0253
19 HF ~0.2560 (100%)  ~0 ~0 —0.2560
B3C 13CleQ —0.1062 (98%) —0.0016 - —0.0002 —0.1081
170 12¢170 —0.1231 (98%) —0.0020 —0.0003 —0.1254
5N 15N2 —0.1405 (99%) —0.0013 —0.0004 —0.1423

2 Calculated using (93)

ly on rotation, with vibrational effects accounting for 0-2 %;. This is easily understood
by consulting (93). The linear temperature dependence of the rotational contribution
dominates the change of the average shielding with temperature, especially for these
diatomic molecules which have strong bonds characterized by high vibrational fre-
quencies. The (hcw/2kT) term is large, for which the coth function is very nearly a
constant equal to 1.0. For F, and CIF molecules the rotational contribution still
dominates although the anharmonic vibration contribution to the temperature depend-
ence becomes significant [68].

5.2 Experimental Examples

The most extensive data on the temperature dependence of molecular electronic
properties come from magnetic resonance. Measurements made in the gas phase in
the zero-pressure limit in molecules which are incapable of undergoing rearrangement
or conformational changes, can only be explained in terms of rovibrational averaging
as described theoretically in the foregoing. Although the first attribution of a tempera-
ture-dependent vibrational averaging of a molecular electronic property was prob-
ably that by Petrakis and Sederholm [75], of the proton chemical shift variation with
temperature in gas samples at 10 atm, it is now obvious that a large part of what was
observed was due to intermolecular effects [76]. Buckingham called attention to the
latter and also provided a general theoretical explanation for temperature dependence
in diatomics which is that shown in (93) [34]. Extrapolation to the zero-pressure limit
eliminates the intermolecular effects, leaving only the temperature dependence due to
rovibrational averaging. The first such report was in °F nuclear magnetic shielding
in F, and CIF [68], followed shortly by BF,, CF,, SiF,, and SF [77]. An example is
shown in Fig. 9. Further examples have been reviewed [18, 76]. These results have been
interpreted in terms of (92) which has a simple form for AX_ type molecules which
have O,, T, or D, symmetry, as follows [41]:

(PYT = P, + (0P/0r, + OP/0r, + ... OP/dr ),

2 1/2 3NT6 Dyss l th hCU)s)
x {(h/4n ®,cnmy) S; ) coth | ==

+ 3kT/4n*c* nmyr w7 + O(Li,j)} .. (94)
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The terms of order O(LY) not explicitly shown above include terms in LY, LY, ...
which appear in (70) upon nonlinear transformation of the derivatives of the property
with respect to normal coordinates into derivatives with respect to curvilinear internal
coordinates. Alternatively the entire quantity in curly brackets in (94) may be calcu-
lated using another method, due to Bartell [78, 79], which gives equivalent results [80]
when the same anharmonic force field is used. The terms denoted by + ... involve
second and higher derivatives of the property surface. For the central nucleus (A)
in these symmetrical AX_molecules, [(OP/0r,), + (0P/0r,), + ... + (OP/0r,),] is
n(0g4/0r,). On the other hand, for the peripheral nucleus F in CF, for example, it is
(6, + 30) = [(0F1/0r)). + 3(0c*1/0r,),], with (06¥1/0r,), being the dominant contri-
bution. For the F nucleus in the MF, molecules in Fig. 9 it is (s, + 0, + 40,) =
[(@c*1/0r,), + (06" /Or), + 4(dc" [Or,) ], where the contributions from the bonds cis
and trans to the F nucleus of interest are expected to be smaller than (3¢™1/0r,),. This
linear combination of derivatives has been considered as an empirical parameter and
the experimental data have been fitted by (94), neglecting second and higher deri-
vatives. There is no guarantee that the neglected terms are much smaller than the
terms involving the first derivative. Even though the absolute precision and accuracy
of the experimental data are high (a few parts per billion) they do not warrant fitting
to more than one empirical parameter. For this particular observable, the very large
number of examples are typically of the form shown in Fig. 9, that is, the shapes of
curves which best describe the experimental data points mimic the shapes of {4r>T vs.
temperature for the molecule. Of course the functions {(4a)*»" also have similar
shapes.
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The temperature dependence of spin-spin coupling constants have been reported
in two molecules, the B-F coupling in BF, [81] and the C-H coupling in CH, [82].
The latter has been interpreted using (94), keeping only the terms in the first derivatives.
The empirical value of (J, + 3J)) = [(QJ(CH,)/dr,), + 3(3J(CH,)/0r,) ] was found
to be 368(10) Hz A ~*, that is, an increase of the coupling with increasing bond length
[82]. This had been predicted to be a somewhat general trend (except where lone pairs
are involved) from a study of isotope effects on coupling constants and from consi-
deration of the change in electron density at the nuclei upon bond extension [83].

The other temperature-dependent electronic properties which have been widely
reported are the nuclear spin hyperfine constants in ESR spectra-of organic free radi-
cals. Large temperature coefficients, characteristic of nuclear hyperfine constants
at f§ position from the atom with the unpaired spin involve the averaging over torsio-
nal states of a highly torsional-angle-dependent electronic property. Oriented mole-
cule studies in single crystals provide information on the second derivative of the hyper-
fine constant with respect to the torsional angle ¢ [84]:

a;‘ = B, + B, cos’ ¢ %5

which could lead to temperature-dependent hyperfine constants a¥ [85] under iso-
tropic conditions in solution or in gas phase. A large number of examples have been
reviewed [86]. This is similar to the 3-bond spin-spin coupling constants observed in
NMR which are highly dependent on the dihedral angle. Averaging over the torsional
angle in each conformation leads to a temperature dependent spin-spin coupling,
but the largest temperature dependence comes from the temperature-dependent
populations of the various conformers [87].

Table 6. Calculated and experimental results of rovibrational averaging
of hyperfine constants in CH, [90]

calculated® experimental®

a('>CH,) ~23.85 23.04 + 0.01 [178, 148]
H

zT’ aP(12CD,) ~24.14 23.30 + 0.07 [178]

ratio » 1 —0.012 1 —0.011 + 0.003

a('*CH,) 5223 38.34 + 0.01 [178]

a%("*CD,) 49.92 35.98 + 0.01 [178]

ratio 1.0462 1.0656 + 0.0004

(da"/dT) (**CH,) 1.48 1.3 + 0.2[150], 1.5 + 0.2 [149]
H

T (da®/dT) (*CD,) 2.04 2.3[149]

7

(da%/dT) (*CH,) 11.6 13.5[149]

(da/dT) (*CD,) 15.9

* Rovibrational averaging calculations by [90] using ab initio theo-
retical property surface calculated by [89];
b Signs were not determined for a values
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Of greater interest is the temperature dependence of simple systems such as the a*
in CH,, for example. Analyses of the temperature dependence of the *H and 3C
hyperfine constants indicate that the most important vibrational mode is the sym-
metric out-of-plane bend of the planar CH, radical. The dependence of these proper-
ties on the out-of-plane angle 6 has been calculated by various methods. The ab initio
SCF-CI calculations with a small optimized basis set [88] yield

a(6) = 148.8 + 139562 — 25600 (96)
a(0) = —54.27 + 2500 — 9576* 97)

Vibrational averaging using harmonic oscillator functions in a normal coordinate
approximated by the out-of-plane angle 6, and using the experimental w = 580 cm™*
lead to calculated temperature coefficients of the right order of magnitude. An ab
initio UHF calculation by Meyer for CH,, using a large basis set [89] yields spin
densities which have been used by Schrader and Morokuma to calculate the tem-
perature and mass dependence of a® and a™ [90]. Results are shown in Table 6. The
agreement between experiment and calculation is sufficiently good so that the pheno-
menon can be considered well understood.

6 Mass Dependence : Isotope Effects

Isotope effects on molecular electronic properties are a direct consequence of rovi-
brational averaging.

6.1 Calculations
6.1.1 Centrifugal Distortion

Complete to second order in the contact ttansformation, the rotational contribution
to a rovibrationally averaged electronic property includes terms quadratic in the
angular momentum and terms quartic in the angular momentum. These have been
derived by Fowler for asymmetric tops [43]. There are contributions involving pro-
perty derivatives P, P, and P,,. For spherical tops (39) shows the term in P, and
P, where q, is the totally symmetric normal coordinate. The general leading term
comes from the centrifugal distortion of a single reduced normal coordinate, (37) or
its thermal average, (91). Note that this leading term does not depend on the anhar-
monic part of the potential. Thus, the centrifugal distortion contribution can be writ-
ten simply in terms of the usual matrices which arise in a harmonic vibrational ana-
lysis such as [28]:

(4r)T = kTOF; ! G5! UBQX (98)
where Q denotes a diagonal matrix with the elements

o = o+

REET) ©9)
Ly I
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involving the equilibrium moments of inertia and X is a vector which has the Car-
tesian coordinates of the atoms at the equilibrium configuration as its elements.
F;!and Gq ! are the inverse of the usual Wilson F and G matrices in symmetry co-
ordinates. U is the transformation matrix from internal into symmetry coordinates
and B is the transformation from Cartesian displacements into internal coordinates.
For highly symmetrical molecules the rotational effect on the mean bond length
can be expressed in even simpler form, for example [28, 91]:
For a CO, type molecule

kT

Ul = (100)
©or(Fy +F)
For a AX| type (planar, T, or O,):
3kT
ArdT = 101
Ay, hrF,, (10T)

where F,, and F,, are mass-independent quadratic force constants in internal co-
ordinates. Since these equations involve only mass-independent terms, there will be
no rotational contribution to the isotope effects on any molecular electronic property
of these molecular types provided that isotopic substitution preserves the symmetry
of the molecule, as in going from CH, to CD, (but not in CH, to CH,D) [91].

6.1.2 Vibration in Diatomics

Of the quantities in (93), a, is mass-independent and the others depend on the reduced
mass of the diatomic molecule as follows:

of = (u/p)'? o,

B = (u/u*) B, (102)

T
Furthermore, the thermal average<v + E> is also mass-dependent since the popula-

tions of the vibrational energy levels over which this average is taken depend on the
vibrational frequency w,. We note that B_/w? is mass-independent, so the rotational
contribution to the thermal average shielding in the diatomic molecule is independent
of mass.

Therefore the isotope shift, the isotope effect on the property which is the nuclear
magnetic shielding o, is given by [91]

(o) — Ca)* = [(d*0/d&?), — 3a,(do/d?),) (B./w,)
x {coth(hco j2kT) — (/p*)** cothlhe(u/p*)'? o /2kT]} (103)

We have calculated the rovibrational corrections to shielding and the isotope
shift using (93) and (103) for diatomic molecules, using shielding derivatives from the



488 C.J. Jameson

Table 7. Anharmonic and harmonic vibrational contributions to the secondary isotope shift, in ppm?®

Nucl. Mol. Anharm, Harm. Total Expt. Ref.
'H HD—H, —0.0723 +0.0090 —0.0632>  —0.036 + 0.002 [179]
'H "LiH—°LiH —0.0007 —0.0013  —0.0020
"Li LiD—LiH +0.0438 —0.0250 +0.0188
'H DF—HF —0.1719 +0.0796 —0.0923
YF DF—HF —1.7364 —0.7883 —2.5248 —2540.5 [180]
B3¢ BCBO-13C%0  —0.0414 —0.0058 —0.0472°  —0.0476 + 0.0016  [111]
70 BC70-12CY’0  —0.0438 —0.0063 —0.0501 —0.110 + 0.001 [111]
N UN,—NMN  —0.0432 —0.0148  —0.0581 —0.0601 + 0.002 [112]

2 Ref. [18] using (103);

® For isotopomers of H, the classical treatment of rotation leads to significant error. A proper average
taking into consideration the nuclear spin statistics gives better results: —0.045 [44];

¢ This may be compared with —0.06 ppm obtained from calculations including cubic terms

literature for H, [92], LiH [93], HF [94], CO [95] and N, [96]. Differences in shielding
between pairs of isotopically related molecular species give the isotope shifts in Table 1.
There is no rotational contribution to the isotope shift in diatomic molecules in the
classical limit. The relative contributions of the anharmonic and harmonic vibrational
effects vary so that neglect of the harmonic contribution in calculating the isotope
shift can lead to error. Among these examples, the largest error would occur in the
case of '°F in the DF-HF system, in which the harmonic vibrational contribution is
319, of the observed isotope shift.

In diatomic molecules the mean bond displacement and the mean square ampli-
tudes can be written from (93) as

)T = AL + AT, (104)
4B.r,

AT = e’ kT (105)

ey, = —(3/2) a, (B, Jw,) r, coth (hew,/2kT) (106)

{(An»T = (B jw,) r? coth(hcw /2kT) (107)

From (106) we see that by making use of the implicit mass dependence of B, and
o, in (102) we can write [91]

Ar)y — {4r)* = —(3/2) a,1,{(B./w,) coth (hcw,/2kT)

—(/u*)™ (B,for,) cothlhe(u/p*)" w/2kT]} (108)
There are several approximations which can be invoked to simplify this expression
further:

(i) if coth(hcw,/2kT) is very close to 1.0 and coth[hc(u/u*)'?w j2kT] is also very
close to 1.0, i.e. for high vibrational frequencies, then {4r> — {Ar>* reduces to

{Ary — {Arp* = [1 — (/p*)'?] {4r) (109)
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Similarly
Ay — (A0P)* & [1— (/)P {(Ar%) (110)

(i) [1 — u/u*'"] can be further approximated by (u* — p) 2u* except when isotopes
of hydrogen are involved so that

A Ayt A (Y a1 (MY (ma i

ary = <ane = o) < can 3 (TT) () o
*_ 1 ’__ A

<(Ar)2>—<(Ar>2>*z<(Ar)2><“ 5 *”>:<<Ar>2>~<m m)( n )

U 2 m m, + m

(112)

where m, is the mass of the observed nucleus A and the isotopes m’ and m of the
other nucleus X in the diatomic molecule. Thus, for a reference diatomic molecule
A™X and its isotopomer A™'X, neglecting higher order terms and using (111)-(112)

dp 1 /d’p s
P - P = {(E) Ay + 5 (dr2> (Ar >}

in A™X in A™'X
X 1 (In In) < A ) (113)
2 In/ InA m

The vibrational correction for the reference molecule, (P) — P_, is given to second
order by the quantity in curly brackets in (113).

6.1.3 Extension to Polyatomic Molecules

The mass dependence implicit in (28)—(33) are in the L tensor elements. The deriva-
tives with respect to dimensionless normal coordinates P, P;;, P,,, are related to the
mass-independent derivatives by these L tensor elements as shown in (70) and the
force constants in terms of dimensionless normal coordinates: w; ', @, ... are like-
wise expressible in terms of mass-independent potential energy derivatives F_, Fio -
and these L tensor elements. Thus, the calculations of isotope effects on any electronic
property is straightforward when both the property surface and the potential energy
surface are known. Equivalently, following (64), the isotope shift can be written in
terms of mass-independent property derivatives and mass-dependent averages of
curvilinear internal coordinates [18]:

0o

0" = Z(ax) (A" — A>T + Z(aﬂ oo, )

x (AT — <A + ... (114)
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The isotope shift (at 0 K) of several properties of H,O molecule have been calculated.
The isotope shifts at 0 K of the electric dipole moment, electric quadrupole moment,
the octapole moment and the diamagnetic part of the magnetizability were calculated
by Ermler and Kern [97]. The effects of isotopic substitution on the electric dipole
moment, the magnetizability and the nuclear magnetic shieldings [58] and the quadru-
pole moment, rotational g factor and spin rotation parameters [23] were also calcu-
lated by Fowler and Raynes. While it is not possible to do calculations at these levels
for most systems of interest, it is essential to have at least a qualitative understanding
of the extensive isotope shift data and to be able to combine these data with observed
temperature coefficients for a partial knowledge of the nature of an electronic pro-
perty surface. Since isotope shifts are usually easier to measure than temperature
coefficients in the zero-pressure limit, it is worthwhile to find a simple model for the
estimation of the isotope effects on an electronic property and a further simple model
for the change in {4r) and in {(4r)*) upon a change in mass. The model has been
described elsewhere [98] and we consider only a brief description here.

Consider a symmetrical molecule A™X_. For a property which is most sensitive to
bond stretches rather than out-of-plane bends or bond angle deformations, the leading
terms in (64) are

oP + 1 o’P T
PY=P+ Y= ] AT+ =Y ] ArHT+ ... (115)
T \Or, /, 29 \or? /,
when<—> are all equal, such as when P is the nuclear shielding of nucleus A, then
Ii/e
the n terms can be combined,
oP 1 (&P
Py=P +nl||— (Ar1>T+~ — (AT + ... {116)
ory/e 2 \ory /,
16412.m, 16412.mg
—oc®s
& oc®
t
T ocro 3
4.8 T \OCmO - —0C™"s
—oc¥s
A
=
j——Q C S
Npods
- 1 oc™’s
oc’o
A
i 8 ] Fig. 10. Mean bond displacements in CO,, and OCS calculated at
—0c 0o 300 K [129] from the anharmonic force fields of Lacy [176] and
Whiffen [177], illustrating the primary effect A, the secondary
effect J, and the additivity of the effects. Reproduced from Ja-

3 meson CJ, Osten HJ (1984) J. Chem. Phys. 81: 4293, with per-
(Ar)/10°A  mission [99]
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Upon isotopic substitution of ™X for one "X in the A™X,, molecule, there will be a
change in symmetry, the normal coordinate analysis will be altered so that all the
mean bond displacements {4r, >, {4r,), ... {4r, will be changed. However, the
primary change will be in {4r,) where m'X has replaced ™X in the bond. There will
be only very small secondary changes in the neighboring bonds [69, 99]. See for ex-
ample Fig. 10. Thus, the difference between (P) in A"X and (P} in A™X__,™X will
be determined primarily by

op | (02P
<ar1>e[<Ar1> — (Ar )¥] + 5 (?ﬁ)e [<(Ar1)2> — <(Ar1)2>*] Ca)

Other important terms are

o*P
(n—1) <6 > [(Ar Ar,) — <Ar, Ary)*]
r,ory/.

and various others such as

o°P
< = > [(Ar, Awy — (Ar; Aad*].

or, Oo

We shall ignore these for the time being. With successive isotopic substitution at r,,
r,, etc. the primary contributions to the isotope shift in (P will be sequentially in-
cremented by the terms in (117) except that 4r,, 4r, etc. replace 4r,. Thus, the isotope
shift will be largely given by

ap
Py — <P* =s <§> [(Ary) — <Ar)*]
in A™X, in A"X,_ "X, ey
+ 5 <¥> [<(Ar1)2> - <(Ar1)2>*]

(118)
Furthermore, from (113) we can write the mass factors approximately in the form,

P> — P\ 1 -
Py~ (P ;s<<> >4(m m)( M )(119)
n 2 m m, — m
in A"X. in A"X,_ X,

n

Some properties are most sensitive to out-of-plane bends, for example a° in planar
CH,, in which case the deuteration isotope shift will be largely given by

C C\ % ! aZaC 2 2\*
@+ — @ 23{2 (W) [<0° — <0 >]} (120)
inCH, inCD, ’

The above expressions indicate an additivity of the isotope effect upon systematic
isotopic replacement of equivalent atoms. Indeed, the bulk of the observations on
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various properties show additivity, deviations from additivity where they are observed
at all in NMR are small [100-103]. If we push the approximation further and consider

opP
only the <—> term, and write very roughly for A™X_
r (3

oP
(P) —P =n <—> (At (121)
or /.
then very roughly
opP 1 /m" —m m,
(Py — (PY* =3 <;> {Ar) ~< - >< ) (122)
or/. 2 m m, —m

in A™X, in A™X,_ "X,

It turns out that even for molecular types other than AX it is still possible to write
for any single substitution of ™X by ™'X, even when X is not an end atom, that

m —m
(Ar)y — (Ar)* = k{Ar) < -~ ) (123)

m —m
ANy — ((ADH* = K <(Ar)2>< o ) (124)

This is illustrated in Fig. 1 in SeF, with masses m = 74 and m’ = 74-82 for Se.
The {4r) and {(4r)*) calculated using a reasonably good anharmonic force field for

'

m
shifts show the same dependence on this mass factor, indicating some support for (122).

m
the SeF, molecule show the direct dependence on( > . The observed isotope

oP
Equation (122) provides a simple way of estimating <—5> from the observed isotope
: r).

effect on property {P) if we have some measure of {Ar) in A™X, molecule.

Estimation of {Ar)

A method of estimating {4r) has been proposed [98]. For diatomic molecules this
is not a problem since there are usually enough known spectroscopic constants to
calculate {Ar) without having to use estimates. We note that including only terms up
to quadratic allows us to write

Ay, = —(3/2) (a,/r) < 4r)>T (125)

An especially useful form of an approximate potential for the diatomic molecule
is the Morse function [104]:

V = D.{l —exp [—a(r — r.)]}? (126)

1
For the Morse potential the ratio 3 (d®*V/d&),/(d*V/dE?), = —ar, can be identified
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with a,, the same a, that we have previously defined so that, for diatomic molecules,

(Ar)y, = (3/2) acdr))T (127)
If the harmonic approximation is used for {(4r)*) it is possible to express {Ar)
as [98]
3h -3/2 -1/2
(A1) & 8 (—F3F3%2) Y (128)

where
F, = (1/3) (63V/6r3)e F, = (62V/6r2)e

and the temperature dependence has been suppressed. Herschbach and Laurie found
that F, and F, are approximately exponential functions of internuclear distance, each
described by a family of curves which are determined by the location of the bonded
atoms in rows of the periodic table [105].

(—D"F, = 10~ e~ 2)n (129)
Thus we write

{Ar) ~ (Bh/8m) ™12 107P (130)
where

D = (r, — a,)/b, — 3(r, — 2,)/2b, (131)

€ €

The constant in (130) is 19.35 x 107 if uis in amu. The a,, b,, a, and b, are repro-
duced in Table 7 of [18]. A comparison of (130) with the {4r} . calculated at 300 K
using (107) and the known spectroscopic constants of a large set of diatomic molecules
[106] shows good overall agreement for (4r) , values from 3 x 1073 A to 25 x
1073 A [98]. What this means is that it is possible to estimate {Ar) for a diatomic
molecule by knowing only the bond length. Similarly

{(Ar)*y = (h/dr) p~1? 10%¢ (132)

where d = (r, — a,)/2b,.

To apply (122) to polyatomic molecules we need to be able to estimate {Ar) for
a bond in a polyatomic molecule. For the majority of molecules, insufficient spectro-
scopic information is available to permit full dynamic calculations, so it is necessary
to develop an approximation method in order to estimate the mean bond displace-
ments for these molecules. It appears that stretching cubic constants for polyatomic
molecules can be deduced from the bond length in the same way as for diatomic
molecules. The Herschbach and Laurie parameters used for such estimation for di-
atomic molecules are found to describe F, for polyatomic molecules as well [98, 105].
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Fig. 11. Test of the approximation in (130) (straight line, slope = 19.35x 1073 is from (130)), against
the calculated mean bond displacements for diatomic molecules. The same method is applied to poly-
atomic molecules; the straight line is a least-squares fit to the data (slope = 22 x 10~ %). D is defined
in (131). Reproduced from Jameson CJ, Osten HJ (1948) J. Chem. Phys. 81: 4300, with permission
(98]

Therefore we can use (130) to predict mean bond displacements in polyatomic mole-
cules if the Morse anharmonic stretching accounts for most of the mean bond dis-
placement [98].

In Fig. 11 the plots of p~ 2 107 vs. {4r) , calculated for selected polyatomic
molecules are compared with the results for some diatomic molecules [98]. A least-
squares fit gives a slope of 22 x 1072 rather than the 19.35 x 102 factor containing
the fundamental constants in (130). The slope for the polyatomic molecules is some-
what larger because the other contributions due to bending and non-bonded inter-
actions can be significant. Bartell has shown that, for molecules of the AX type, the
Morse stretching contribution to <{4r) is only 64% in CH, [107], and only about
40 %, in SF [108]. However, (130) with a modified factor of 22 x 1073 for polyatomics
gives a satlsfactory estimate of {4r) from r,. Therefore we shall use

(Ary, JA ~ 22 x 10737112 10=D (133)

where D is given by (131).
The rotational contribution to (4r) is likewise easily estimated from r, alone for
an AX_molecule [107]:

{4ry  =2E_/(F,r) (134)

where E_ is the classical average, kT for linear molecules, and (3/2) kT for nonlinear
ones, and F, is expressed according to (129). However, we do not even need <A4r)

rot
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for estimating most isotope shifts. For bent triatomic molecules it has been shown
that rotation does not play a significant role in the isotope shifts of the central atom
upon end atom substitution [109]. We have shown that for diatomic molecules there
is no rotational contribution to the isotope shift; for symmetrical substitution in the
highly symmetric molecular types (e.g., CH,, BF;, SF, CO,) there is also no rotational
contribution to the isotope shift. Even for unsymmetrical substitution in CH, iso-
topomers, the rotational contribution plays no role in the D-induced '3C isotope
shift. For the isotope shift of the end atom the rotational contribution is also not too
important. For example, the dynamical factor relevant to the proton isotope shift in
CH,~CH,D is —2.687x10* A from rotation and 5.53x107* A from vibration,
only 57 contribution comes from rotation. For the proton isotope shift in
H,'°0-H,"70 the dynamical factor is —4.176 x 107 A from rotation and 3.102
x 10~° A from vibration, only 1.4” rotational contribution [98].

On the basis of (122) and <Ar) estimated by (130) or (133), empirical estimates of
(Og/0r), have been obtained from isotope shifts in various molecules [53, 98, 101,
109-112]. Some of these are compared with theory in Table 8. In these apparently
favorable cases, there is reasonably good agreement between the empirical value of
the derivative and the value obtained from theoretical (ab initio) calculations. In
the inversion of the data to obtain an empirical first derivative, only the leading term
involving the first derivative with respect to bond stretch was used and in many
instances, only the estimation methods for Ar and ({Ar) — {Ar)*) as in (111) and
(130} or (133) proposed by Jameson andOsten [98] were used instead of a full vibration-
al analysis. Some cancellation of second order terms may occur for this property as
shown by Fowler and Raynes in the case of CH, [67, 69]. Fleischer et al. have noted
that for a wide variety of small polyatomic molecules the nuclear shielding surface
is remarkably close to a linear function of bond length at the equilibrium structure
[113]. Ditchfield has found this to be the case also for the diatomic molecules H,,

Table 8. Comparison of empirical estimates of (8¢/0r), with theoretical values, ppm At

Nucleus Molecule (0g/0r), empirical Ref. (9g/or), Ref.
theor. (ab initio)
'H H, 121, —115  [53,98] —20.7 (44]
CH, _38 [110] 2542 [181]
ug BH, ~267 98] ~270
13C co —456 [111] 5739, 535 (182, 183]
—640, —413.7 [184, 95]
CH, 35 [110] 511, —52.62 [181, 70]
15N N, ~910 [112] 1090, —1132.5 [184, 182
— 640 [96]
NH, —124 [101] —130.3, —129.2 [181, 185]
— 144 [113]
NH; 65, 60 98, 101] —679 (181]
170 co 1150 [111] 1166, —1077 [182, 183]
—1240, —479 (184, 95]
H,0 294 [109] 2709, — 285 (58, 186]
—296 [101] —267.1, =275 [181, 185]
3p PH, —180 [117] —150.8, —155, [181,113,185]

—148.4
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LiH, and HF [44]. If the full shielding surface shown in Fig. 4 for H; is typical, the
great sensitivity of nuclear magnetic shielding in molecules to bond stretching, and
the nearly uniform negative sign of shielding derivatives with respect to bond stretch
are easily understood.

6.2 General Trends in Secondary Isotope Effects

More observations of this mass dependence of electronic properties have been reported
in NMR and ESR parameters than in other properties, thus many more of the general
empirical observations have been made there than in other fields. The available high
precision and resolution and the universality of the magnetic properties in all mole-
cules make this possible. Isotope shifts of the order of a few parts per billion are now
routinely observed in solution. NMR spectra showing isotope effects of the order of a
few parts per million are shown in Fig. 12. These properties are site specific. The
observations of a very large number of secondary isotope effects (i.e., the change in
the observed property by isotopic substitution of an off-site (neighboring) atom) on
nuclear magnetic shielding [114-116] have led to some interesting general trends.

The following trends were noted in the review of NMR isotope shifts by Batiz-
Hernandez and Bernheim [114]:

1) The magnitude of the isotope shift is dependent on how remote the isotopic
substitution is from the nucleus under observation.

2) The magnitude of the shift is largest where the fractional change in mass upon
isotopic substitution is largest.

3) The magnitude of the shift is approximately proportional to the number of equi-
valent atoms in the molecule that have been replaced by isotopes.

4) Heavy isotopic substitution shifts the NMR signal of a nearby nucleus toward
a higher magnetic field.

5) The magnitude of the shift is a function of the resonant nucleus, comparisons
between nuclei reflecting the differences in their range of chemical shifts. The explan-
ation of these observed trends have been given in [18, 91].

Secondary isotope effects on NMR spin-spin coupling constants have also been
observed. These are fairly small so nearly all reports involve the large fractional
mass change accompanying replacement of H with D. A review of the experimental
data and interpretation in terms of the theory presented here was given by Jameson
and Osten [83]. More recent experiments by Wasylishen et al. have revealed additional
data such as isotope effects on J(NH) in NH;" ion [100], J(PH) in PH, and PH;
[117] and J(SnH) in SnH, [102] and SnH, [117]. The latter two isotope effects are
large, —1.7 and 3.0 Hz respectively, and the signs are as predicted by the Jameson-
Osten model.

Fig. 12. NMR spectra of 3!P in PH,_,D, at 20 °C and of '*°Snin SnH;_,D; at —50 °C, both in liquid
ammonia, showing the isotope effects on the average nuclear magnetic shielding. The shifts of the
centers of the multiplets from the undeuterated species are additive. Reproduced from Wasylishen RE,
Burford N (1987) Can. J. Chem. 65: 2707, with permission [117]



Rovibrational Averaging of Molecular Electronic Properties 497

SnH,
SnH2 D"
SnHD;
SnDy
}
T ‘ T 1 T l T T T I T T T I T T 17] T T T I T T T ‘ T
2 0 -2 -4 -6 -8 -10
i PPM
PH,
PHD™
PD;
) A
T T T r T T T l T T T l T T T l
0 -2 -4 -6



498 - C.J. Jameson

Table 9. Secondary isotope effects in the gas phase quadrupole coupling constants of symmetric tops

Nucleus Heavy-Light Ref. 1€9Qleavy — 1€9QlLignt % Change
31 13CD,C1-CD,CI [187,188] —1.373 MHz —1.8
SAs AsD,—AsH, [189] +2.12 +1.3
1218h SbD,—SbH, [189] +5.01 +1.1
3l DCI—HCI : [46] —0.226 —0.33
"*Br 13CD,Br—CD,Br [190,191] —1.76 —0.31
7°Br DBr—HBr [47 —1.673 —0.31
1277 DI—HI [192] —4.912 —0.27
1277 CD,I—CH,I [193,194] —5.36 —0.27
"Br CD,Br—CH,Br [191] —1.42 —0.25
"Br SiD,Br—SiH,Br [195] —0.823 —0.25
3l CD,Cl—CH,CI [188] —0.1802 —0.24
14N DCN—HCN [196] —0.0061 —0.13
14N CD,CN—CH,CN [197) +0.0049 +0.12
3Q DC=CCl-HC=CCl [198) —0.01 —0.01
79Br DC=CBr—HC=CBr [199] —0.04 —0.006
1271 *CH,I—CH,I [194) —0.016 —0.0008

Other properties also show some of the same general trends. For example, in
Table 9 the isotope shifts in nuclear quadrupole coupling constants upon deuteration
at a neighboring site appear to be uniformly in the same direction, that is, the magni-
tude becomes smaller upon heavy atom substitution. The exceptions are the apex
atoms As and Sb in the pyramidal hydrides. The general trend 1) is also noted in
Table 9. The magnitude of the effect is dependent on the remoteness of the isotopic
substitution from the nuclear site, comparing the DCl, HCI pair with DC=CCl,
HC=CCI. Also, the D3**CCI-D;'*CCl, difference is larger than the difference
D;CCl-H;CCl in the chlorine nuclear quadrupole coupling constant. Trend 2) should
be observed for all molecular electronic properties sensitive to bond stretching since
the factor (m’~m)/m’ appears in both (Ar) and {(Ar)*>.

Trend 3), universally observed in nuclear magnetic shielding, is clearly seen in the
examples in Fig. 12 where the shift is in increments of —2.76, —5.52 ppm for one and
two replacements of H by D in PH, ™ ; similarly the increments are —3.1, —6.2,
and —9.3 ppm for one, two, and three replacements of H by D in SnH; . Additivity
is also observed in the secondary isotope effects on NMR spin-spin- coupling [83].
Some examples are J(PH) in PH, _ D,_[118]and PH, _ D [117],J(SnH)in SnH,_ D_
[102] and SnH, _ D [117]. Trend 3) has also been observed in proton hyperfine con-
stants in naphthalene anion [119], that is, the effect of dideuteration can be deduced
by adding up the effects observed in the monodeuterated anions, as shown in Fig. 13.
The effect of a-deuterium substitution on the  proton hyperfine constants, and the
effect of f deuterium substitution on « proton hyperfine constants are also additive
for mono-, di-, tri-, and tetra-substituted isotopomers, although smaller than the «
on o and the § on f effects shown in Fig. 13.

The primary isotope effects can not be determined easily in properties such as.
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+15 D
+20 @ D @@ Fig. 13. Assignments of the experimental proton hyperfine
+15 +20 splittings in the naphthalene-d anion radical and the corres-
+15  +15 ponding splittings for the naphthalene-d, anion. Numbers are
430 D deviations of the splittings from the undeuterated naphthalene

+40 D anion in milligauss, which are additive and are in agreement
@@ with the experimental data. Reproduced from Lawler RG,
D +40 Bolton JR, Karplus M, Fraenkel GK (1967) J. Chem. Phys.

+30 D 47: 2149, with permission [119]

nuclear magnetic shielding or nuclear quadrupole coupling constants because
isotopic replacement of the nucleus in question involves not only a mass change but
also a change in a nuclear parameter which is directly a part of the observed quantity,
i.e., the nuclear magnetic dipole moment and electric quadrupole moment. Ratios
of these quantities for nuclear isotopes are not very accurately known, with the ex-
ception of y,, /y, which is 6.514 39804 (120) [120]. Where y,,/7,) is involved, it is possible
to make a determination of the primary isotope effect. Examples are discussed
in Sect. 8.

The explanation of these general trends comes easily if we consider only the one
term

apP
<a*> [CAr) — <Ar)¥]
r €

as in (122). Trends 1) to 3) can be attributed to dynamic factors. General trend 1)
comes about because a secondary change in the average bond length at the site of
the property upon isotopic substitution at a remote site is known to be negligibly
small. At the same time, a site-specific property will clearly be most sensitive (large
(OP/0r),) to changes in internal coordinates in its immediate vicinity; the change in a
property upon infinitesimal bond extension at a remote site will be small in com-
parison, except when delocalized pi systems are involved. General trend 2) is clearly
seen in the mass factors [(m'—m)/m’] [m,/(m, + m)]. General trend 3) is also clearly
seen in (122) where the number s of isotopic substitutions explicitly appears as a
factor when second and higher order terms are neglected. Deviations from additivity
of isotope shifts are generally very small and have been found to be regular, in ratios
0:3:4:3:0 in CH,_,D, types [99] or 0:1:1:0 in PH;__ D, types [101], similar to
deviations from additivity of zero-point energies [121]. The exceptions occur when
intermolecular affects are involved [103].

The other general trends, such as 4) and 5) in nuclear shielding, are purely dependent
on the nature of the electronic property surface at the equilibrium geometry of the
molecule. Where the surface has a steep and nearly linear dependence on bond
stretching at the equilibrium geometry, the single first derivative (0P/0r), may do-
minate the observed mass dependence (and temperature dependence) of the property.
On the other hand, some properties have an overwhelmingly large dependence on
an out-of-plane bend in a planar molecule, in which instances (120) is used, i.e.,

aZP 2 2\ %
(59—2>e[<0 > = ]
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will dominate the observed rovibrational effects. In either case the isotope shifts
nearly directly provide information on the nature of (OP/0r), or (0°P/06%), even when
a full rovibrational analysis is not feasible. Table 8 shows that in these favorable
cases the empirical (3o/Or), obtained compares well with ab initio theoretical values
where available. Other examples are given in [18].

Where both the isotope effect and the temperature dependence have been observed,
it is sometimes possible to find a single empirical derivative which reproduces both
effects within experimental error, using only the first term in (116) and (118). This
has been found for (96" /0r), in SeF and TeF, [80], (95"/0r), in[V(CO),]~ and (3a°/or),
in [Co(CN)gP~ [122]. In CH; and CD;, using the observed temperature dependence
of af!, Moss obtains [123]

all = —24.46 (29) gauss,  (0%a"/06?), = +152 (24) gauss rad >
whereas, using the isotope effect he gets with (120), a very similar result
al = —24.19(13),  (0%a"/o¢?), = +111(13).

Ab initio derivatives [89] with appropriate rovibrational averaging give the results
shown in Table 6.

7 Higher Order Contributions

How important are the terms involving the second and higher derivatives? We have
already seen in Tables 1, 4, and 5 the contributions of the terms in the second derivative
of the electronic property to the rovibrational averages in diatomic molecules. In
Table 4 we also see the combined contributions from 3rd to 6th derivatives. Cal-
culations indicate that these contribute altogether only 1-5% of the rovibrational
corrections to the proton shielding in H,, HF, and LiH at 300 K, and 87; for "Li
in LiH.

Let us now consider second derivative terms in polytomic molecules. A typical
equation for a rovibrationally averaged property such as ¢© in CH, is (from (65)
and (62)—(63)) [67]:

(Py =P,
(@) + 4P Li<q,>

() + 2P [LF2*(q)> + L°Xa) + Li*<a]

©  + 2P I + DK + EF )]

@ o+ 2 BE)Xa) — CKa — TP <]

© @t B C3 D + (P~ P [ D

4
+ (LY (9]
(f) + 8P [LILg2y + LELED] (135)
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The individual contributions of terms (a) through (f) have been calculated for the
CH, molecule, for the '*C nuclear magnetic shielding in '*CH, and for the electric
dipole polarizability and magnetizability in '>*CH,. Results are shown in Table 10.
We see that the second order terms (b) through (f) cannot generally be neglected. In
these examples the first derivative terms alone, (a) + (b), comprise 137%, or 92%, of
the total calculated temperature dependence of ¢€ or o and 120%, 69 %, or 729, of
the total mass dependence of 6%, «, or y and 1229, 69 %, or 70 % of the total zero-
point correction to ¢<, a, or %.

Early w\rk in this field recognized that rotation plays an important role in the
temperature dependence of an electronic property, even as the observed temperature
and mass dependence of various properties are fitted to only the terms in the first
derivatives [68-91]. A further approximation ignored the curvilinear corrections
(terms of the type (b)) in (135) [41]. By the use of Bartell’s method, curvilinear cor-
rections (b) were also explicitly included [80, 124-131] but still only a fit to the terms
in the first derivatives was used because there are far too many second derivatives to
be determined empirically from experimental data. We now find (in Table 10) that

Table 10. Contributions of various terms in Eq. (135)

p Ref.  (a) (b) (© (d) (© © ®
P_lst P.2nd P_ P P P P Total
order order

Zero-point corrections { PY°X — P,
C

e

- [69] —2.781 —1.587 —1.696 —0.067 2.573 —0.057 0.024 —3.591
Pp (rot = 0)

% [67] 0.366 0.209  0.131  0.003 0.125 0.001 0.004 0.839
(rot = 0)

ﬁf‘—z [69] —0.283 —0.162  0.021  0.001 —0.217  0.005 —0.003 —0.638

Temperature dependence ( PY36%% — ( py180K
C

;be [67] —60.86 —11.14 —0.05 —0.03 15.61 3.87 0.11 —52.49
(rot = —-66.2)

1—0% [67] 79.90 14.34 0.04 0.01 7.42 0.29 0.15 102.10
(rot = 86.8)

Mass dependence (P2, — (PDek,
c

p(;)—m [69] 0.763 0.406  0.453 —0.018 —0.686 0.059  0.001  0.978°
il {200} —0.10 —0.053 —0.035 0.001 —0.033 —0.001 00 —0.221
au

——10’2§JT_2 [69] 0.077 0.041 —0.006 0.001  0.058 —0.006 0.0 0.165

2 Rotational contribution & 0 except where shown;
b Experimental value = 0.774
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when only the terms in P, are included, these terms account for 70-1379; of the total
rovibrational effects for a variety of electronic properties of CH,. Calculations in
H,0 also show that while the terms in P provide a large part of the contributions
to the zero-point values, the temperature dependence, and the mass dependence of
various molecular properties, the higher order terms can not be neglected. For
example the isotope effect ((PYS, — (P 00';2) for ¢° is made up of —2.57, —0.01,
—1.31, +0.45, —0.24 ppm from the terms in (3¢/3r),, (3%¢/0r?),, (05 /0a),, (6*a/00?).,
and 3rd and higher derivatives, respectively, giving a calculated total of —3.68 ppm
[132].

It is fortunate that the P, term constitutes such a large part of the observed rovi-
brational effects in some molecular electronic properties. Calculations to higher
orders cannot be carried out in most molecules for which experimental data for
electronic properties are available, whereas it is still necessary to make some sense
out of the large body of information and look for some (albeit qualitative) predictive
conclusions. However, the terms in the second derivatives are not insignificant.
When the terms in the second derivatives are significant, a fitting of experimental
data to one parameter leads to an empirical overestimation of P_ the first derivative
of the property surface. On the other hand, fitting to more than one parameter is
hazardous and could lead to unrealistic magnitudes specially when the contributions
are not all the same sign. Examples of this pitfall are the fits to (3¢™/0r), and (0¢™/0x),
in NH, giving unphysical empirical estimates for these quantities [109], as is now
obvious from ab initio calculations of these derivatives [133]. The empirical (0o™/0r),
values from the temperature dependence of the shielding of the two nitrogens in
NNO are likewise flawed [129], being much too large compared to what one can
obtain from the fit to the mass dependence [134].

These case studies of H,O and CH, have included molecular electronic properties
where the anharmonicity of the totally symmetric vibration gives an important
contribution, since the properties happen to be very sensitive to bond extension
and less so to angle deformations. Thus, the terms in the first derivatives of the pro-
perty surfaces form the bulk of the rovibrational effects and the harmonic approxi-
mation is not at all applicable. In other molecular p;roperties the terms in the first
derivatives of the surface are not the most important ones. When the greatest sen-
sitivity of the property is to non-totally symmetric displacements such as out-of-
plane deformations, then the bulk of the observed rovibrational effects can be semi-
quantitatively interpreted in terms of {*) rather than (Ar) terms. In these cases
the harmonic approximation is probably adequate unless some double- or multiple-
minimum anharmonic potential describes the angle deformation.

8 Additional Examples

The best interpretation of experiment requires 1) experiments in the limit of zero
pressure so as to exclude intermolecular effects, 2) measurements of rovibrational
averages in several vibrational states and/or rotational states, 3) a good anharmonic
potential energy surface with up to third derivatives with respect to normal coor-
dinates and, 4) a sufficient number of theoretically calculated values of the electronic
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property at selected displacements from the equilibrium molecular structure such
that derivatives P, P_, P_, etc. up to fourth derivatives of the electronic property
with respect to curvilinear internal coordinates can be obtained by fitting. For some
properties the measurements in specific rovibrational states are not feasible. Instead,
averages given in (40) have been measured as a function of temperature and/or for
different isotopomers. If simultaneously available, the temperature dependence and
isotope shifts of the property can provide redundant or (less commonly) comple-
mentary information. When it is assumed that only one derivative overwhelmingly
dominates both, then it becomes possible to interpret both observations with a single
electronic factor such as (0P/or), [122] or (6°P/06%), [90]. This forms the basis of the
simultaneous interpretation of nuclear magnetic shielding temperature dependence
in the zero-pressure limit and isotope shifts in the early work [41, 68, 91] which have
been reviewed recently [18].

8.1 Primary Isotope Effects

The electron spin-nuclear spin hyperfine constant of an unpaired electron in a sigma
bond provides a good example. In HgH molecule the electron spin density surface
shifts the unpaired electron density from Hg to H as the bond lengthens, which is
not unexpected since the unpaired spin is entirely on H in the limit of dissociation

(HgH) — Hg + H

This shift corresponds to derivatives of the following signs:

3 d
(ﬁ“f> <0 and <ﬂ> ~0.
or e or e

If only the first derivative is included in the expansion in (1) then the effects of ro-
vibrational averaging are as follows: 0y, and thus the nuclear hyperfine interaction
constant a™® will decrease with increasing vibrational quantum number and decrease
with increasing rotation. This is indeed observed in HgH, HgD, and HgT spectra,
being most pronounced in HgH [54]. Since (At > A1)y, as discussed earlier
then [<a”g>HgD/<aHg>HgH] < 1. This secondary isotope effect is indeed observed.
ESR experiments reveal this ratio to be 0.992 and it was deduced that { gy, dugn = 8.95
auwhereas (g, >y, = 8.88 au[55]. Furthermore, we also expect Oypen > {enugps
a primary isotope effect. Since the observable a" or a® contains the factor y, or yp,
the ratio » is used:

p A" a' O e

7y 2 65142°  (opduen

=

xin this case is predicted to be greater than 1. The ESR experiments showed » = 1.019
[55].
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A related property is the nuclear spin-spin coupling J observed in NMR. The
terms in the effective hamiltonian for a and J are shown below:

H, = 2ugh(p,/4m) ; N ; [3(Sk 1) Iy 1) rﬁ\? — (S - Iy) rl:l\?]
(136)

Hy = (16mugh/3) (uy/4m) ; N ; O(ren) S - Iy (137)

With these perturbation terms in the molecular hamiltonian aN is the tensor which
appears in the S - a" - I terms in the first order correction to the energy for a non-
singlet electronic state. J is the tensor in the Iy * J(NN’) - Iy, terms in the second
order correction to the energy. Only the trace of the tensor is observed in the gas or
in solution. The reduced spin-spin coupling constant K is defined as

KNN') = 422J(NN')/hynin (138)

We note that each half of the interaction in the second order perturbation theory
expression for J is similar to that of the interaction for a. This has been used to ad-
vantage in creating models for interpretation of both properties [135-140, 83]. In
the simplest case, the transfer of spin density from X to H upon bond extension in
the above discussion of a” and a* translates to an increase in the reduced one-bond
spin spin coupling constant K upon bond extension [83]. When only this first derivative
is considered, this would mean that

_ 7 J(XH)
7 JXD)

The model depends on the dominance of the derivative of the Fermi contact mecha-
nism, as has been shown theoretically in J(CO) [14] in Fig. 2. A review of the available
data does show »x > 1 where the above model is applicable. The model has been ex-
tended to one-bond couplings in which terms of opposite sign contribute in the Fermi-
contact mechanism [83]. The presence of a lone pair on one of the coupled atoms has
long been known to be associated with K < 0 for one-bond couplings. The sign of
the derivative (0K/0r), then depends on which term changes greatly upon bond
extension. It was proposed by Jameson and Osten that in the usual situation (as for
J(CH) in CH,) » > 1, but in those other cases where a lone pair was involved, » < 1.
Theoretical calculations on J(HF) lead to x < 1 as well, in agreement with these
arguments [141]. Indeed, nearly all cases of » < 1 involve a lone pair on one of the
coupled atoms, as in H,Se, PH,, PhPH,, Ph,PH [83]; and the more recently reported
couplings in H,O, PH;, SnH;", NH, also exhibit % < 1 [117, 142, 101]. In contrast,
the lack of the lone pair in related molecules is accompanied by » > 1, in support
of the Jameson-Osten model. These are shown in Table 11. NH,] ion is an exception
which has also exhibited exceptional 'H secondary isotope shifts of the nuclear
magnetic shielding constant, attributed to differential intermolecular (hydrogen
bonding) effects [103].

A substantially different situation of rovibrational averaging attends the hyperfine
constant of an unpaired electron largely in a pi orbital on an adjacent nucleus. Typical
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Table 11. Comparison of primary isotope effect on spin spin couplings in related molecules

With lone pair P Ref. No lone pair % Ref.

PH; 0.98 [117] PH; 1.003 [117]

PH, 0.93 [118]

SnH; 0.90 (142, 117] SnH, 1.001 [102]
SnH; 1.004 [102]

NH, 0.992 [101] NH, 0.996 {101]

H,0 099  [101]

examples of this are CH3 and [NH3]+ which are planar molecules. More complex
examples are benzene anion or cation or other planar aromatic radicals. McConnell
[143] has described the spin density on the proton in terms of a simple model,

0 o 2" = Q" (139)

where Q,, < 0; the spin density on H is due to a coupling between the sigma and pi
electron system, with a spin polarization parameter Qcy relating the spin density on
H to. the spin density on the adjacent carbon pi orbital. The coupling parameter is
expected to decrease with increasing CH bond length and increase with out-of-plane
bending. The first derivatives (0g,,/0q), where q is a normal coordinate are of either
sign depending on whether the vibration assists spin polarization or not. If (g,/0r.,).
< 0 is the important term, then one expects to find

<oy
_ |
oy
and
H
dff? <0 and d<d%1“> <0. (140)

It has also been suggested that the observed temperature dependence is primarily
due to out-of-plane vibrations, i.e., that the (0%¢,,/06%), <6*>" term in (64) is respon-
sible [144, 145], where 0 is the out-of-plane angle and (©%¢,,/06%), < 0. In the McCon-
nell model these derivatives would correspond to

(0 Qg /01y < 0 and (0] Qg 11067, < 0 (141)

neglecting (3¢"/0r), and (0%¢"/06?),. Both the bond stretching and the out-of-plane
bending lead to a primary isotope effect » < 1 and negative temperature coefficients
d{oy>/dT < 0. The » < 1 was first observed in [NH,]* and [ND;]* by Cole [146];

other examples are CH3/CD3 [147] and CH CHZ/CH CD2 [147], in which »x was
found to be respectively 0.986, 0.989, and 0.990. It is also found that d{g>/dT < 0
for CH3 [148-150}, benzene anion [147], benzene cation [151], and C H; [152]. The
relatively lower frequencies of out-of-plane bends compared to stretching frequencies
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and the relatively large temperature coefficients of @ compared to other observables
seem to indicate that (at least in the planar systems) the out-of-plane vibrational
averaging makes significant contributions. The dominance of the out-of-plane bend
over the other modes in the zero-point vibrational contributions to a' has been
demonstrated in calculations for CH, [153] and NH;r [154]. Table 6 shows that the
» < 1and the temperature dependence in the typical case of CH, and its isotopomers
are reproduced reasonably well by calculations. It is encouraging that the calculations
support the above semi-quantitative descriptions, lending credibility to their use in
other cases where calculations as accurate as those in Table 6 are not available.

The sign of the temperature coefficient of a! for protons attached to proximate
C is by no means uniformly negative. An interesting correlation is that d| a% |dT < 0
when the spin density is positive (usual) on both the proximate and adjacent carbons,
whereas d| a% |/dT > 0 are found for protons attached to sites of negative spin den-
sity although the adjacent carbons have large positive spin densities. This correlation
is consistent with (141) and (139), and may be assisted by (0¢"/0r),, (0%¢"/06%), > 0.

B and y C-H protons are known to exhibit large positive temperature coefficients.
Early examples are CH,CH,, in which it is also observed that » = 1.011 in the com-
parison CH,CH,/CD,CH, and » = 1.178in CH,CH,/CHD,CH, [147)]. In these cases
Stone and Maki suggested that hindered internal rotations could lead to the large
temperature coefficients of f proton hyperfine constants [85]. Single crystal studies
reveal the torsional angle (¢) dependence [84]: "

agHﬂ =a, +a,cos’ . (142)
Averaging over the torsional states alone, using a reasonable estimate of a torsional
barrier accounts for most of the temperature dependence. Of course, complete agree-
ment with experiment is not expected unless the calculations include all the vibrational
modes. A review of temperature-dependent hyperfine constants in organic free
radicals has been given by Sullivan and Menger [86].

8.2 Beyond the Born-Oppenheimer Approximation

The necessity of some nonadiabatic corrections have been suggested for isotope
effects on various electronic properties, especially electric dipole moments. Some ab
initio calculations of property surfaces which include nonadiabatic corrections are
in Table Al (see Appendix). In the interpretation of vibrational circular dichroism
using theories based on the usual expansion of a property in terms of nuclear dis-
placements, the calculations have to go beyond the Born-Oppenheimer approxim-
ation to include the distortion of the electronic wavefunction by nuclear displacements.
Whereas the adiabatic approximation allows the vibronic wavefunctions to be written
as ¢(r) - 1, (R), the vibronic wavefunction which includes nonadiabatic corrections
to first order is

¥.(r, R) & ¢7(1) - 1,(R)

Z Z Z ¢$’Xv”<¢i’g)‘ (aHO/aqs)Ro |¢(n0)> <Xv”| s |Xv>
_m¢n v’ s E(O)— E(O) + h(U "

(143)
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%, (R) are the second order wavefunctions of the rovibrational hamiltonian, |7, ' T,
X©% in (16). The appropriate average of a property (P) is then <(¥_|P|¥ >,
which includes not only the averages over the zeroth order vibronic function (Ist
term in (143)) as explicitly given in (28)~(33) but also the contributions from the
distortion of the electronic wavefunction by nuclear displacement. However, the
alternate formalism by Buckingham, Fowler, and Galwas [24], in which a molecular
electronic property surface (the magnetic dipole moment m) is expanded in terms of
nuclear velocities, leads to a theory which provides the magnetic dipole vibrational
transition integrals in terms of derivatives (©m/0Ry) which can be calculated within
the clamped nucleus approximation [24].

A clear indication of non-Born-Oppenheimer behavior was noted in some free
radicals. Hyperfine constants in orbitally degenerate or nearly degenerate electronic
states show unusually large temperature coefficients and deuteration effects. Examples
of these are C;H, anion [155-157], C;H; [158, 152], naphthalene anion [119].
The comparison of a” with a® as in C;H, /C,Dg, show » < 1 as expected [157].
Furthermore, the proton hyperfine constants at the undeuterated positions in a
partly deuterated species are altered, and the x and the temperature coefficients for
H positions made nonequivalent by deuteration are different from each other and
are larger or smaller than in the parent anion [157]. It has been suggested [159] that
these cases are subject to the effects of the Jahn-Teller theorem [160]. Vibronic inter-
actions have to be taken into account because the observed effects on deuterium
substitution are different and greater than would be expected in the context of the
Born-Oppenheimer approximation. Symmetric substitution (as in benzene 1,3,5-d,
and benzene-d, anions) do not lift the degeneracy.

8.3 Rovibrational Averaging Effects on the Determination of Molecular
Geometry of Semi-rigid Molecules

Various definitions and interrelations of the geometric structures of polyatomic
molecules have been reviewed by Kuchitsu and Oyanagi [161] and by Lide [162],
and earlier by Herschbach and Laurie [163]. See also [163a] the desired geometry is of
course the equilibrium geometry, that is, that which corresponds to the global mini-
mum in the potential energy surface of the molecule as defined in the Born-Oppen-
heimer sense. This is never directly observed. Depending on the experiment, various
rovibrationally averaged quantities related to geometry can be obtained, some of
which are discussed here.

8.3.1 Diatomic Molecules

The averages which can be obtained from experiment are typically taken from spec-
troscopy in the form of the molecular rotational constant, or the direct nuclear spin-
spin coupling, or a bond distance from electron diffraction. The rotational constant
is inversely proportional to the moment of inertia so that the observed average is
{r~%»7'2 for a given vibrational level. On the other hand, the direct nuclear spin
spin coupling constant is proportional to components of the dipolar interaction
tensor so that the observed average is {r~*)> "' for a given vibrational level if ob-
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served in a molecular beam resonance spectrum, or a thermal average if observed in
an NMR spectrum of oriented molecules. Thus, from spectroscopy one gets average
nuclear positions in the principal inertial axes. On the other hand, from electron
diffraction one gets thermal average internuclear distances, {r>. Written in terms of
the averages <¢) and (&) defined in (45)-(46) these are [163]:

aHTR = re{I +<5>—;<52>+-~} (144)
73y "8 = re{l + (& —WE + o} (145)
ey =rfl + <&+ ..} (146)

The structure obtained from rotational constants is called the “r,” structure corres-
ponding to the zero-point average, {r”2>"12. On the other hand, <r) is essentially
identical to one of the widely used types of distances derived from electron diffrac-

tion, the “r.” structure, the center of gravity of the radial distribution function [164]

=2 (147)

which represents the average of instantaneous internuclear distance over all the vi-
brations of the molecule, is a function of the distribution of molecules over vibrational
states.

8.3.2 Polyatomic Molecules

From rotational constants or effective moments of inertia I, one gets the r, structure
which corresponds to the zero point average nuclear positions, as in diatomic mole-
cules. On the other hand, these effective moments of inertia I, can be corrected to
give a set of moments I* from which a structure called the r, structure can be calculated.
It was shown by Morino et al. [165] and by Herschbach and Laurie [163] that the
removal of the harmonic part of the vibrational dependence of the effective moments
I, yields the moments (I*) which correspond to a rigid molecule in which each atom
is frozen at its average position. The differences in the r, structure of various isotopo-
mers of several triatomics have been calculated and these reveal additivity in multiple
substitutions [161].

The simplest way of comparing the various types of averages in polyatomic mole-
cules is by expressing the averages in terms of local cartesian displacements: Az is
an instantaneous displacement of r(A-X) projected on the equilibrium A-X axis
taken as a local z axis, Ax and Ay denote the displacements perpendicular to the equi-
librium internuclear axis z [165]. The thermal average internuclear distance from
electron diffraction '

T
(W) + )

‘ (148)

r, =< =1, + AT =r_ + {Az)T +
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where or__ is the displacement due to centrifugal stretching, the rotational contri-
bution already discussed in Sect. 6.1.1. The (Ar)" in (148) for C-H in CH, is the
same as in (62). Since anharmonic force fields are not accurately known for most
molecules while harmonic force constants are more readily available, partial rovibra-
tional corrections are usually attempted, leading to the “r,” structure which is the

distance between the average nuclear positions at thermal equilibrium

AT

=1 o L (149)

~ 1+ (AT (150)
For C-H in CH,, one obtains

r,=r, + Li<q ), (151)

when the harmonic corrections

<AX2>T+ <Ay2>T l T 2a2a T 3x3x T 4x4x
A e {L1**%a3) + L™Na3)y + LT*q3y)

are made on the electron diffraction distances. When extrapolated to 0 K r, becomes
practically identical with the r, structure [161].

r(0K) =r, + (Az)°* xr, (152)

Obviously, the harmonic corrections which need to be made on r, values from elec-
tron diffraction or {r ~2> ~'*? values from rotational constants [165, 163] are different
from the harmonic corrections which need to be made on (r 3) ! values from
NMR dipolar coupling constants [166, 59], but all should lead to the same r_ struc-
ture. A knowledge of the anharmonic force field further converts [via (151) for CH,,
for example] the r_ structure to the desired equilibrium r, structure. Actually, the
harmonic corrections usually made to obtain the r, structure are usually only ap-
proximate since the correct harmonic force field can only come out of a complete
anharmonic vibrational analysis which reproduces all the observed frequencies for
all isotopomers of the molecule.

8.4 Rovibrational Averaging in van der Waals Molecules

Rotational constants of van der Waals complexes can be obtained from their micro-
wave spectra in molecular beam resonance spectroscopy. However, large amplitude
anharmonic vibrations against the weak intermolecular bonds of these molecules
usually mean that the average structural parameters of the various isotopes will differ
significantly. In many cases, average nuclear quadrupole coupling constants and
dipole moment components provide additional information. For the purposes of
determining an average structure it is commonly assumed that the *>Cl quadrupole
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coupling constant observed, in HCl-Ar for example, is unchanged from that in the
isolated HCI molecule so that the observed coupling constant in HCI-Ar is merely a
vibrationally averaged projection of eq,,Q of the diatomic along the inertial axis of
HCIl-Ar:

eqQ) ~ <€q,,Q)4ia{(3 cos’0 — 1)/2) (153)

Since the diatomic molecule has been studied separately, the observed (eqQ) in
the complex then provides the angle that HCI makes with the inertial axis of the com-
plex, in the form of an average cos™! {cos?9»'”?. The equilibrium angle that corres-
ponds to the nonvibrating complex at the minimum of its potential surface can be
obtained only if the potential surface derivatives are known. In the examples of
semi-rigid molecules discussed in the preceding sections, the values {Ar), {(Ar)?)'/?,
1.{(Aa)*)'7?, etc. are very small, of the order of 10731, to 105 r_, so that the rovi-
brational corrections to obtain the equilibrium geometry are small. The same is no
longer true in van der Waals complexes. The difference between the average and
equilibrium geometry of these complexes is not usually small. In Ar-CIH the equi-
librium polar angle 6 is 0° while the average angles obtained via (153) from the 3°Cl
quadrupole coupling constant are: <ArCID is 33.8° and < ArCIH is 41.5° [167, 168].

It has been found that this assumption of no change in q,, in the monomer upon
complex formation is not appropriate. This has been demonstrated, for example,
when the rotational constants and {eqQ) values for "*N and D in 11 isotopomers
of (HCN), were determined from pulsed FT microwave spectroscopy [169]. If the
dimer is treated as rigid linear monomers tilted away from the line of centers of mass,
the average angles of tilt and the <eq, Q(**N)) in (153) can be independently deter-
mined without making the assumption that the latter are the same as in the monomer.
The difference between the derived <eq, Q) value in (153) and the <eq_Q) value
for the isolated HCN monomer is found to be 4.9 % and 2.3 %, accounting for about
409, of the observed [<qu>CompleX — <€q,, Q) onomer] [(169].

The effects of isotopic substitution on the components of the dipole moment of
a van der Waals complex along the inertial axes provide additional information.
Here too it is not necessary to assume that (x> in the complex is the same as that
for the isolated monomer. In cases where the quadrupole coupling constants as well
as the dipole moment components of the complex are determined for a large number
of isotopomers, the isotopic substitution trends in the quadrupole coupling and in
the dipole moments are consistent [170]. ‘

A complete vibrational analysis of a van der Waals complex is made tractable
by a separation of the large amplitude motions associated with the intermolecular
or hydrogen bonds and the small amplitude motions associated with the semirigid
monomers. The Born-Oppenheimer separation of slow coordinate ¢ from fast co-
ordinates q, and g, can also be used for the separation of low and high frequency
modes. The energy levels of the fast coordinates q, and g, can be solved at a frozen
value for the slow coordinate ¢. This is done for different values of ¢ to determine
E (o). The latter is then used as the potential energy to solve for motion in g. This
has been applied to the (HF), dimer. (HF), is a hydrogen-bonded dimer with a
planar asymmetric top structure which tunnels between two equivalent maxima on
the potential surface. The slow coordinate g is (6,0, ), a tunneling coordinate [171].
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The empirical potential energy surface was determined by Barton and Howard
[172] by inversion of the spectroscopic data from radiofrequency and microwave
spectra of Dyke et al. [173]. Interpretation of high resolution infrared spectra of the
dimer in the H-stretching region require corrections to the zero® order Born-Oppen-
heimer approximation, however [171]. The extra terms which appear in the Schrédinger
equation for the slow coordinate have been derived in general [174]. In part these
result from the change in the form of the high frequency normal coordinates with a
change in the tunneling coordinate ¢. The dynamic interaction of the tunneling
momentum with the high frequency vibrations adds to the effective barrier when
the high frequency stretching vibrations are excited [171]. Of course, for molecules
with large amplitude internal motions, the notion of an equilibrium geometry is no
longer appropriate. An alternative approach to the description of nuclear motion
which has been found particularly useful in the study of van der Waals molecules is
given by Sutcliffe and Tennyson [13].

9 Conclusions

We have shown that rovibrational corrections almost always need to be included in
order to obtain from experiment the value of the electronic property at the structure
corresponding to the potential energy minimum, and vice versa, rovibrational cor-
rections have to be included in ab initio calculations of electronic properties before
comparing with experiment. Where vibrational state dependence and rotational
state dependence can be measured precisely (rarely) it is possible to obtain individually
from experiment the derivatives of a property with respect to normal coordinates.
The observed temperature dependence and isotope shifts of an electronic property
contain information about the property derivatives but inversion of the data to find
empirical property surface derivatives is not always possible. We have found some
cases in which isotope shift data provide empirical derivatives which are in reasonably
good agreement with the best available ab initio calculations.

When the property has a nearly linear dependence on bond stretching, or an
overwhelmingly large (3?P/06%), for example, then general trends appear in its tem-
perature and mass dependence which make it possible to make qualitatively insightful
predictions and correlations with other related properties of the same molecule.
For quantitative interpretation of experiments however, it is virtually necessary
to carry out a fully correlated ab initio calculation of the property surface in the im-
mediate vicinity of the potential minimum as well as perform a complete rovibrational
averaging on the potential surface (usually a semi-empirical one) in order that the
terms in second or higher order can be included, since these are not always negligibly
smaller than the leading terms.
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11 Appendix

A guide to the literature is given in Tables Al to A3.2. No attempt at completeness
has been made. References to ab initio calculations of various property derivatives
are given in Table Al and rovibrational calculations (at various levels) using theo-
retical derivatives are given in Table A2, and inversion of data to obtain empirical
estimates of derivatives are given in Table A3.
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Table Al. Ab initio theoretical calculations of property surfaces or their derivatives

o: Review [18] H, [19] H, [44, 181, 201, 202] LiH [44, 93] HF [113, 44, 94]
HCI [181] CO [95, 182-184] N, [96, 182, 184] CN~ [182] LiF, P, [113]
CH, [70, 181, 185] H,O [71, 181, 185, 186] SiH,, PH,, NH, [113, 181, 185]
PH;, NH,, BH;, BH,, AlH,, AlH, , H,S [181]

. HCCH, H,CC,, CH,CH,, CH,F, HCN [182] SiF,, PF,, NF; [113]
C: LiH [93] HF [94] CO [95] N, [96] H,O [23]
a: CH; [88]
: Review [56] at H in H,, CH, [203]

at H in H,, LiH, CH,, NH,, H,0, HF, NaH, SiH,, PH,, H,S, HCI [204]
H,0 [205, 206] HCIl, HCN [207]
at H in HF; [208] OH~, SH™, HF, HCI, HO , HS ' [49]
LiH [209] CO, BF [210] CIF [211] NO*, N, [212]
at N and H in N, NO, NO*, CN, CN~, HCN, HNC, NH; [213]

J: Review [83] HD [45, 214, 215] CH, [216-218] NH, [219] PH, [220]
HF [141] CO, N, [14] PH; [221]

e H, [222] LiH [93] H,0 [71,206] CH, [70] HF [94] CO [95] N, [96]

o Hy [223] H, [224, 225] LiH [93] CH, [200] CO [226, 227]

2(w): N,, CO, HCI, CL, [227] N, [26, 228] CO, [26]

7, B, C: HCI, HBr [229]

. Review [230] HD [231] LiH [232, 233] CH,, NH; [232] CO [95, 226, 234]

HF [94, 232, 233, 235] HCI[233, 235] HBr [235] HI[17] BF [236] LiF [237]
OF [238] BeH, BH, CH, NH, OH, NaH, MgH, AlH, SiH, PH, SH [233]
H,0 [71, 205, 206, 232] OH, OH~, OH* [239]
Hj [26,223] H, [224] LiH, CH,, NH,, HF [232] N, [26] H,O [23, 232]

Q: HF [240] H,0 [206]

g, 01 u,: H, [222] HF [94] CO [95] N, [96] H,O [23]

Table A2.1. Rovibrational averaging of properties in diatomic molecules using ab initio theoretical
derivatives

Property Using 1st and 2nd deriv. only 3rd and higher

G H,, LiH, HF, CO, N, [18] H, [44, 92] LiH, HF [44]
HF [180] N,(v = 0) {96] CO[241]

C HF {94, 180] LiH [93] N, [96]

q CO, OH ", HCI, LiCl, FCI [242]
N,, NO*,NO, CN, CN~ [213]

J HD [45, 214, 215, 243, 244] HF [141]
CO, N, [14]

7 H, [245] HF(v = 0) [94] N, [96] CO [95]

o LiH [93] HF [94]

p,v,B,C Hy, H, [11, 246] HF(p) [11}

u LiH, BeH, BH, CH, NH, OH, HF, HF, HCI, HBr v = 0-8 [235]
NaH, ..., HCI[233] OH,O0H™,0OH" v = 0-5[239]
HI(v = 0)[17] BF, BF* v = 0-6[236]

OF v = 0-6[238]
g orp, H, [245] HF [94] N, [96]




518

C.J. Jameson

Table A2.2. Rovibrational averaging of properties in polyatomic molecules using ab initio theoretical

derivatives
Ist and 2nd derivs. Ist deriv. only Ist and 2nd derivs.  3rd and higher order
neglect 2nd order L include 2nd order and 2nd order L
tensor elements L tensor elements elements
G Hin CH, [103] Cin CH, [69] H,O[58]
C . H,0[23]
a CH,; [90]
pi model C¢Hg [157]
naphthalene ™ [119]
J J(HH) in CH, [217] *J(HH) in NH,
J(CH) in CH, [82] inversion mode [219]
x CH, [69] H,0[58]
o CH, [200]
B,y Ist deriv. only
y'CH,F, _, SF, [247]
p* CHCI,, CHF, [248]
U H,0[58, 97]
0,8, H,01[23,97]

Table A3.1. Inversion of experimental data to obtain property derivatives of diatomic molecules

Property st deriv only 1st and 2nd derivs. Complete surface
¢ H, [53] F, [249]
CIF, F, [68] CN™ [98, 250}
CO[74, 111} N, [74, 112]
C H, [52, 53] F, [249]
q Review [56] HBr [47] CIF [251] HCI [46] 1, [20]
a CH;, [123]
o Review [252]
u HF [253] HC1[46]  HF [15]

HCI, HBr, HI[16]
CO [254]
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Table A3.2. Inversion of experimental data to obtain property derivatives of polyatomic molecules®

Property  1st deriv. only Ist deriv. only neglect Ist deriv. incl. 2nd
estimate (Ar) 2nd order L tensor order L tensor

15 Oin H,0, H,0" [101] CF,, BF,, SiF, [41] NF,, PF,, PCl,, PBr,
Snin SnH; [117] NH,, PH,, CO, [18]

Sn in SnH,, SnH;_ D, [102]

cen. nucl. in BH, CO, CS,
NH,; NO; PO}~ MnO,
MoO, TcO, PtCIZ~
PtBré' [98]

Cin CO, [111]

N in NO, NO; [18]

P in PH,, PH; [117]

SnH, [102] SnH; [117)]
PH; [117]

CO, [129] CH, [110]
SF, [124] COF, [128]
CF,_,H, [125]

H,Se, H,0 [109]
CF,C1 .. CFCI, [127]
MF, [80]

M(XY)s [122, 131]

J(CH) in CH, [82]

a See also [56] for approximate inversion of eqQ of "*As in AsF,. See [255] for reviews of inversion
of intensities to obtain derivatives of electric dipole moments and of electric dipole polarizabilities
in polyatomics



