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popular choice is 1 atomic mass unit (amu), and for this choice
the numerical value of, in angstroms (A) is the same as the
numerical value ofy;, in amu? A.

For any of these coordinates, the form of the kinetic energy
is unchanged by moving the origin. Thus spectroscopicists often
use mass-weighted Cartesian displacement coordinates
defined a®

(6)

where subscript e denotes the classical equilibrium value.
However, if one considers a more general linear transforma-
tion, e.g.,

Aqiy = qiy - qiy,e

yiy = A1 yiy - Biy

A recent paper in this journal presented new recommendationswherey is R, g, or x, then the mass for coordinayg must be
for the effective mass for one-dimensional models of tunneling Multiplied by A~2 This is the root of the error in ref 1. It does

contributions to chemical reactiohdJnfortunately the paper

not make sense to discuss the correct choice of “effective mass”

involves fundamental misconceptions, and the recommendedunless one specifies the coordinate system. Thus when the
changes to standard procedures follow from an incorrect authors say that their treatment gives a mass*4famu, in
derivation rather than from any improvement in modeling the contrast to the value of 1 amu obtained by the HVA method”,

physics. This comment is an attempt to clarify the issues.

they make precisely this error. In particular, by HVA they denote

It is necessary to distinguish various coordinate systems for & standard harmonic vibrational analysis involving normal mode

describing the nuclear motion of aN-atom system. First
consideratomic Cartesians {2 withi =1, ...,N,y =XV, z,
or R, with j = 1, ..., \. The kinetic energy is
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wherem is the mass of atorm and an overdot denotes a time
derivative. Spectroscopists usually prefeass-weighted Car-
tesians ¢ defined by?2

qiy = mVZRiy (2)
The kinetic energy is
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coordinatesQ; with j = 1, ..., 3, which are an orthogonal
transformatio® of mass-weighted Cartesian displacement
coordinates employing a mass unit of 1 amu. The orthogonal
transformation is equivalent to

3N
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where x; is defined withu = 1 amu, and wherd is an
orthogonal matrix. For this kind of matrix

L2=1
o

and therefore the mass does not change, i.e., it remains 1 amu.
However, the authors of ref 1 are using a different coordinate
system to define the mass, so that, even though they have not
introduced any new physics compared to ref 2, they can and
do obtain a different mass for motion along the transition vector,

(8)

This coordinage system has the disadvantage that “distance” hagyhch is the imaginary-frequency normal mode. But this is just
units of mas¥? length, which is unphysical, but the advantage 5 yivial difference due to a different scaling of the coordinates,

that it is “isoinertial”, i.e., the mass is the same for motion in 414 the authors are wrong to imply that their treatment is more
any direction. A more physical isoinertial coordinate system is appropriate than the standard one. In fact, the authors obtain

the set ofmass-scaled Cartesiamefined by

o= (2R, @

for which
. 1 3N o 5
=K ;& (5)

Note that the scaling magscan take any convenient value. A

different numerical results than the standard treatment for the
imaginary frequency and the tunneling correction because they
are inconsistent. The inconsistency is most easily explained by
a one-dimensional example. The vibrational frequency (in
radians/s) is

w = (FIm)*? (9)
whereF is the force constant given by
F = d*V/dy? (10)
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whereV is potential energy. We have just explained that the such as the treatments of Wighend Bell? (2) multidimen-
value to use for the mas® depends on the scaling of the sional zero-curvature approximations such as the vibrationally
coordinatey. When one is consistent, the effect of scaling adiabatic approximatiof,and (3) multidimensional corner-
exactly canceled by the changenmin eq 9. The authors of ref  cutting approximations such as the small-curvature tunneling
1 take the force constants from a standard harmonic analysis(SCT) and large-curvature tunneling (LCT) approximatiéns.
that uses 1 amu, but they takefrom their own analysis with Although the derivation of the mass in ref 1 mentions the
a different coordinate system, and thus theiis wrong. curvature of the reaction path, the dynamical treatment is

The coordinates in eqs-T are all special cases actilinear identical to the one-dimensional treatment of Widrart with
coordinateswhich means that they atmear combinations of an incorrect calculation of the imaginary frequency of the saddle
atomic Cartesians with constant coefficients. The massespoint. Reference 1 concluded that one-dimensional tunneling
corresponding to rectilinear coordinates are constants. Chemistanodels in the literature have used an inappropriate mass, and
often prefer to use coordinates such as bond distances and bonthe essence of our comment so far is that this conclusion is
angles, which araonlinearfunctions of atomic Cartesians. Such based on an inconsistent evaluation of the reduced mass. But
coordinates are calledurvilinear. (Rectilinear coordinates we want to make it clear that this is not a defense of
correspond to straight lines in an atomic Cartesian coordinate one-dimensional tunneling models, which are seldom justified
system, whereas curvilinear coordinates correspond to curvedin cases where tunneling is significant. The Wigner approxima-
lines in such a system.) For curvilinear coordinates, the massegion, which is used exclusively in ref 1, is the simplest of these
depend on geometry, i.e., they are not constants. Furthermorepne-dimensional tunneling approximations, and it is used there
unlike egs 1, 3, and 5, there are cross terms in the kinetic energy for transmission coefficientx) as large as 26.99. The Wigner
Thus the mass arrayy with one index must be replaced by a approximation represents the first two terms in a power series
tensor or matrix with two indices. In fact, the matfxis usually
defined with units of reciprocal mass such that{) tends to k=1+ch®+ch*+ ..

. - . 1 1

moj in the rectilinear case, wheid is the kronecker delta.

Harmonic vibrational analysis is suitable for small displace-
ment$2 from a stationary point, which may be an equilibrium
geometry or a saddle point. The standard treatment of harmonic
vibrations in curvilinear coordinat&swas developed for equi-

approximation to the one-dimensional model, and it is not
appropriate to truncate such a series after two terms if the second
term is 25.99 times larger than the first (or even if it is twice as
librium geometries, but it is equally valid at saddle points. In Iqrge as the first or .0'75 times as large). _Furthermore the one-
the standard treatment, the geometry dependence of the mass‘%lmensmnal mode! 1S selqlom valid even i evaluatgd correctly
ecause, for reactions with appreciable hydrogenic motion in

!s,stalt?gr?a:(reai);gg ggil;;n;?;,c Iirquause25;%;;?9?@”&?%%ntglethe reaction coordinate (which are the only cases for which we
workers that this is suffiéient because of the restriction of usuall)_/ need be concerned abou.t tunneling), the .dommant
harmonic analysis to small vibratioAsand in fact the curvi- tunneling paths usually sample regions of the potential energy
linear and rectilinear treatments always give the same frequen-surfaCe where the ql_Jadratlc expansion aboyt the saddle point
cies at geometries where the gradieniofanishe. In ref 1 breaks down, and this calls for multidimensiohtkatments.

: ' In some cases one can recast such treatments as pseudo-one-

g;(e gﬁzz IZb(eo\(/aélutal‘ﬁdsgzIr)(/:eato:‘heergfti:)?ﬁ;i/ t%?én:nzzswiinﬁ :es ddimensional models with effective mas$es)d such treatments
P i T should not be confused with the inconsistent use of reduced
with an inconsistent force constant. If the force constant were mass in ref 1

evaluated by eq 10 with the same coordinate as used to calculate
the mass, then all differences from the standard treatfents Acknowledgment. This work is supported in part by the

would disappear. o . U.S. Department of Energy, Office of Basic Energy Sciences,
All conclusions about tunneling in ref 1 are affected by this |, qer Grant DOE/DE-FG02-86ER13579 (U of M) and contract

fundamental error and are meaningless. However, ref 1 doesDE-ACO6-76RL0183O (PNNL). PNNL is operated for DOE by
raise two additional issues that deserve a few comments, namely g, iiqe.

the language of “reduced mass” vs “effective mass” and the
usefulness (or not) of one-dimensional tunneling treatments. References and Notes
“Reduced mass” is a term for the appropriate mass corre- . o
sponding to a linear combination of coordinates involving two 105(?1(%3”23'62' C. A Allison, T. A.; Louis, HI. Phys. Chem. 2001,
or more individual particles (in the present context the particles () wiison, E. B., Jr.; Decius, J. C.; Cross, P Mlecular Vibrations
are atoms). No dynamical approximation is implied. An effective McGraw-Hill: New York, 1955; (a) p 14, (b) p 20, (c) Chapter 4.
mass is a mass used for some coordinate in order to take account (3) Natanson, G.; Garrett, B. C.; Truong, T. N.; Joseph, T.; Truhlar,
f other degrees of freedom that are not treated explicitly or = Gy e PNysi991 94 9875,
of other degrees or free .O at are not treated e p citly o (4) Wigner, E.Z. Phys. Chem. B932 19, 203.
that are treated approximately (as, for example, in some  (5) Bell, R. P.Trans. Faraday Socl959 55, 1.
treatments of tunnelirffy All masses in ref 1, except the original E% [fuhsath-T G, KUDPrer,(lnaRAn,lAl- Am-v ChsemL 50?197Gl 9c3' 1|_84OY
H u, D.-n.; Truong, I. N.; Melissas, V. 5.; Lyncn, G. C.7 LIuU, Y.-
f‘tom"? masse?’, are reduced ,masses' . The use of the, temﬂ’.; Garrett, B. C.; Steckler, R.; Isaacson, A. D.; Rai, S. N.; Hancock, G.
effective mass” in ref 1 does not imply a higher-level dynamical c.; Lauderdale, J. G.; Joseph, T.; Truhlar, D@mputer Phys. Commun.
treatment but rather an inconsistent treatment of reduced mass1992 71,1235; Liu, Y.-rF]’.; Lu, D.-h.; Gonzalez-Lafont, A.; Truhlar, D. G.;
; ; ; ; ; Garrett, B. CJ. Am. Chem. S0d.993 115 7806.
In general, we can classify tunneling approximations in a == b o/ ter 2t TP TE Gokert B, @ Phys. Cheml981,
number of different ways, but for the present discussion we gs 3019

recognize three levels: (1) one-dimensional approximations,  (9) Skodje, R. T.; Truhlar, D. GJ. Phys. Chem1981, 85, 624.



