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Abstract

The molecule 2-methylmalonaldehyde (2-MMA) exists in the gas phase as a six-membered hydrogen-bonded ring
[HOACH@C(CH3)ACH@O] and exhibits two large-amplitude motions, an intramolecular hydrogen transfer and a methyl torsion.
The former motion is interesting because transfer of the hydrogen atom from the hydroxyl to the carbonyl group induces a tautomer-
ization in the ring, which then triggers a 60� internal rotation of the methyl group attached to the ring. We present a new experimental
study of the microwave spectra of the 2-MMA-d0 [HOACH@C(CH3)ACH@O] and 2-MMA-d1 [DOACH@C(CH3)ACH@O] isotopo-
logs of the molecule. The new measurements were carried out by Fourier-transform microwave (FTMW) spectroscopy in the 8–24 GHz
frequency range and by conventional absorption spectroscopy in the 49–149 GHz range. In the present work, we use a tunneling-rota-
tional Hamiltonian based on a G12

m group-theoretical formalism to carry out global fits of 2578 2-MMA-d0 transitions and 2552
2-MMA-d1 transitions to measurement uncertainty, obtaining a root-mean-square deviation of 0.015 MHz for both isotopologs. This
represents a significant improvement in fitting accuracy over past attempts. Some problems associated with calculating barrier heights
from the observed tunneling splittings and assumed tunneling paths are also considered.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The molecule 2-methylmalonaldehyde (2-MMA) is of
interest for molecular spectroscopy because it involves
two large-amplitude motions: an intramolecular hydrogen
transfer and a methyl-top internal rotation. Fig. 1 shows
the equilibrium structure of 2-MMA and the transition
state in the tunneling path involving hydrogen transfer.
The act of hydrogen transfer induces a tautomeric rear-
rangement of the CAC, CAO single and double bonds in
malonaldehyde, and triggers an extra 60� internal rotation
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of the methyl group. Therefore, the molecular system
under study provides information on two important classes
of phenomena in chemical and biochemical reactions: one
is the transmission of chemical information via the
exchange of single and double bonds; the other is the trig-
gering, by some motion in one part of the molecule, of a
different motion in another part of the molecule.

This is the third paper on the microwave spectrum of
2-MMA. Sanders [1] presented the first microwave mea-
surements on this system, discussed the basic theoretical
concepts necessary to understand the rotational spectrum
of a molecule with these two large-amplitude motions,
and derived a number of molecular parameters from his
spectrum. Much later, two of the present authors showed
[2] that Sanders’ data could be fit with much greater preci-
sion using a high-barrier tunneling formalism originally
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Fig. 1. A sketch of the equilibrium conformations of 2-MMA and the
transition state in the tunneling path involving hydrogen transfer and
corrective internal rotation. (a) and (b) are two of the six equilibrium
conformations of 2-MMA, and (c) is the transition state in the (a) ? (b)
tunneling path in the group-theoretical formalism. The methyl rotor
experiences a 3-fold torsional barrier in the equilibrium conformations (a)
and (b) and a 6-fold torsional barrier in the transition state (c).
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developed for methylamine. The reader is referred to these
two papers for further introductory material and back-
ground concerning this problem.

Even though the fit in [2] was quite satisfactory, ques-
tions arising from the exclusion of a few of Sanders’ mea-
surements from the fit, from the relatively small number
of measurements available from Sanders’ tables [1], and
from the measurement accuracy available at that time, still
remained. In the present paper, we have increased the num-
ber of measured lines by almost a factor of 30, and
increased their frequency range from 14 6 m 6 40 GHz to
8 6 m 6 149 GHz. In addition, the Fourier-transform
microwave (FTMW) measurements present a 20-fold
improvement in measurement precision, together with a
5-fold improvement given by the millimeter wave measure-
ments. We have also shown that the formalism employed in
[2] is capable of fitting these new higher precision measure-
ments to nearly experimental accuracy. This allowed us: (i)
to confirm the validity of discarding a few lines from Sand-
ers’ tables, (ii) to verify the stability of the molecular con-
stants when more data were added, (iii) to confirm a
surprising anomaly in the internal rotation splitting for
the normal and singly deuterated species, and (iv) to con-
firm the validity of the two-dimensional tunneling model
for hydrogen transfer and internal rotation to the 10 kHz
accuracy level.
2. Experimental

Since 2-MMA is not available commercially, it was
necessary to prepare a sample by hydrolyzing the
commercially available ester 3-ethoxymethacrolein
(C2H5AOACH@C(ACH3)ACH@O) following one of the
two recipes in Sanders’ thesis [3]. Ethoxymethacrolein with
a stated purity of 96% was purchased from Aldrich [4], and
used without further purification. Although the previous
hydrolysis recipe [3] passed through a neutralization proce-
dure using NaOH followed by an evaporation-to-dryness
isolation of the sodium salt, and reacidification with gas-
eous HCl, we found it convenient to simply vigorously stir
1 ml of the ethoxymethacrolein with 50 ml of H2O (or D2O
when the monodeuterated AOD compound was desired) at
room temperature for 3–4 h. This seemed to give complete
hydrolysis of the ethyl ester linkage, and the 2-MMA prod-
uct was then isolated as a solid by evaporating the aqueous
solution to dryness at room temperature under vacuum.
Heating was avoided in the preparation both because of
the thermal instability and the volatility of 2-MMA.

Spectra were recorded using a NIST FTMW spectrom-
eter [5] and the Kharkov millimeter wave spectrometer [6].
About 170 new FTMW lines were measured for the d0 spe-
cies (normal isotopolog) and about 160 for the d1 species
(monodeuterated isotopolog with an AOD group), with
an estimated measurement precision of 2 kHz for the nor-
mal species. (All lines were weighted in our fits by the
inverse square of their assigned uncertainties.) The FTMW
d1 lines were assigned an uncertainty of 10 kHz, since the
blended deuterium quadrupole hyperfine components sig-
nificantly degrade the measurement precision. (We simply
took the center of the broadened lines as the transition fre-
quency.) About 2300 new mm-wave lines for each isotopo-
log were measured in Kharkov, with an estimated
measurement precision of 10 kHz for unblended lines and
50 kHz for blended and weak lines. Finally, lines from
Sanders’ tables which did not fall in our present measure-
ment ranges were assigned a measurement uncertainty of
50 kHz. The measurements treated in this paper are sum-
marized in Table 1, and given in full as supplementary data
(Appendix A).

A particularly important new addition to the data base
here was the measurement of 58 b-type transitions for the
d0 species and 70 b-types for the d1 species. These transi-
tions are important because they go across the H-transfer
tunneling splittings as shown in Fig. 2, and thus represent
a direct measure of these splittings. Such transitions were
not present in Sanders’ data set, where tunneling splitting
information was obtained somewhat more indirectly, from
perturbations going across the splittings.

3. Theoretical

We use here the Hamiltonian described in detail in [2].
The physical model assumes that the molecule is confined
for many vibrations to one of six equilibrium frameworks,
but that it occasionally tunnels from one of these six min-
ima to another. This is often referred to as the high-barrier
approximation (as opposed to the infinite-barrier approxi-
mation, where no tunneling splittings are observed, or the
low-barrier approximation, where the present formalism



Table 1
Overview of 2-MMA measurements used in the present work

Laba Year Apparatusb Rangec d0 d1

#d Unce rmsf #d Unce rmsf

NIST 2005 FTMW 8–24 176 2 2.5 161 10 9.2
Harvard 1979 Stark 14–40 68 50 48.1 53 50 32.5
Kharkov 2006 mm-wave 49–149 1876 10 11.1 1976 10 11.7
Kharkov 2006 mm-wave 49–149 458 50 21.3 362 50 26.7

a The NIST and Kharkhov measurements are from the present work. The Harvard measurements are from Sanders’ Ph.D. Thesis work [1,3].
b The FTMW and mm-wave spectrometers are described in Refs. [5,6]. The Harvard apparatus was a conventional Stark spectrometer of that era [3].
c The frequency range (in GHz) of the measurements in each row.
d Number of measured lines included in the fit for the category described at the left of each row, given separately for the normal (OH or d0) and the OD

(d1) isotopologs of 2-MMA.
e Estimated experimental measurement uncertainties (in kHz), which are then used to determine weights for lines in the fit equal to 1/(unc)2. Larger

FTMW uncertainties are used for the d1 isotopolog, because of the partially resolved deuterium quadrupole structure. Kharkov lines are divided into
unblended (third row) and blended (fourth row).
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Fig. 2. Schematic illustration of the J = 0 inversion–torsion levels of 2-
methylmalonaldehyde, as given by Eqs. (5) of [2], and of allowed
transitions across the tunneling splittings. (The vast majority of transi-
tions, of course, occur between rotational states within any given
inversion–torsion manifold, but they are not indicated in this diagram.)
Transitions between nondegenerate and degenerate levels are forbidden,
even in the rotating molecule, so no experimental measurements of vA–vE
or vB–vE splittings can be obtained (similar to the well-known situation in
a methyl-top internal rotation problem). On the other hand, as shown in
this diagram, transitions between rotational levels of the vAl and vB1

nondegenerate inversion–torsion manifolds or between rotational levels of
the vE1 and vE2 doubly degenerate inversion–torsion manifolds are
allowed for 2-methylmalonaldehyde. Numbers in parentheses next to the
transition arrows indicate the number of rotational transitions (b-type)
across the corresponding tunneling splittings observed in the present work.
Such transitions, which clearly help to fix the tunneling splitting
parameters, were not observed in Ref. [1].
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breaks down). The Hamiltonian is represented as a sum of
terms of the form VR, where the vibrational factor V rep-
resents an operator containing only the two large-ampli-
tude motions (i.e., the hydrogen transfer coordinate and
the internal rotation angle and/or their conjugate
momenta), while the rotational factor R represents an
operator containing some product of integer powers of
molecule-fixed Cartesian components of the total angular
momentum operator of the form J m

x J n
y J p

z . Group-theoreti-
cal and time-reversal arguments are used to determine
which products of functions V and R are allowed in the
Hamiltonian. For notational purposes we repeat here only
Eq. (1) from Ref. [2] (after putting a factor of 1

2
in front of

the last term to correct an omission in [2]):

H ¼ hv þ hjJ
2 þ hkJ 2

z þ ðfþJ 2
þ þ f�J 2

�Þ þ qJ z

þ ðrþJþ þ r�J�Þ þ ð1=2Þ½sþðJþJ z þ J zJþÞ
þ s�ðJ�J z þ J zJ�Þ�; ð1Þ

and point out that higher order J and Ka dependences of
the h, f, q, r, and s parameters are indicated by adding sub-
scripts j and k, e.g., hv, hjJ

2, hkJ 2
z , hjjJ

4, hjkJ 2J 2
z ; hkkJ 4

z , etc.
We further note that each of the fitting constants (i.e., each
of the letters h, f, q, r, s) will also acquire an additional sub-
script n = 1–6, which indicates that they represent Hamil-
tonian matrix elements associated with no tunneling
(n = 1) or tunneling from framework 1 to framework
n > 1. The reader is referred to [2] and references therein
for a much more detailed description of this formalism.

The fitting program used here was essentially that
obtained from Ohashi [7] and used in our earlier work
[2], except that some modifications were made to permit
location of eigenvectors and eigenvalues with the correct
J and K quantum numbers after the large matrix diagonal-
izations necessary for high J levels. The symmetry species
of the symmetric-top rotational basis functions given in
Table 1 of Ref. [2] allow one to determine the rA1, rA2,
rB1, rB2 symmetry species sequence for the asymmetric-
rotor J Ka;Kc levels from J0,J to JJ,0 for any given J. Figs. 2
and 3 indicate that the vibrational symmetry species of tun-
neling components in the zero-point vibrational level of 2-
MMA are vA1, vE1, vE2, and vB1. For nondegenerate vibra-
tion-rotation levels of given J we thus expect two vrC sym-
metry species sequences, each containing 2J + 1 levels: one
will be identical to the J KaKc species sequence found in
Table 1 of Ref. [2], corresponding to the rotational levels
of the vA1 vibrational state; the other will be equal to the
J KaKc species sequence found in Table 1 of Ref. [2] multi-
plied by B1, corresponding to the rotational levels of the
vB1 vibrational state. The labeling procedure first deter-
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Fig. 3. Schematic illustration of inversion–torsion energy level splittings
according to Eqs. (5) of [2]. The diagram has been drawn with unitless
abscissa and ordinate, obtained by dividing both scales by h2v + h3v. At the
pure torsional splitting limit, shown on the left (h2v = 0), the unitless
energy levels consist of two superimposed nondegenerate levels at +2
separated from two doubly degenerate levels at �1. At the limit of only
H-transfer plus corrective internal rotation splittings, shown on the right
(h3v = 0), the unitless energy levels consist of a benzene-p-orbital-like
pattern, with the two nondegenerate levels at the bottom and top (at ±2),
and the doubly degenerate levels in between (at ±1). At the center, where
the inversion and torsion splitting parameters are equal (h2v � h3v = 0), the
lowest level is nondegenerate (at +2), the highest is doubly degenerate (at
�1), and the middle level is accidentally triply degenerate (at 0). Markers
at the top of the diagram indicate positions along the abscissa appropriate
for 2-methylmalonaldehyde-d0 and -d1, as well as positions appropriate
for the first two torsional levels of methylamine [8,9]. Note that the
unitless energies in this figure must be multiplied by h2v + h3v, and that the
values of these two parameters can be either positive or negative [8,9].
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mines the particular vibrational state to which the eigen-
vectors belong (e.g., vA1 or vB1 for nondegenerate vibra-
tion-rotation species), and then assigns J Ka;Kc labels by
comparison with the vrC symmetry species sequences for
that vibrational state. Consider for example the vrA1 vibra-
tion-rotation symmetry block, which contains product
basis functions of only two types: vA1

rA1 and vB1
rB1. Fol-

lowing the procedure described above we assigned a vA1 or
vB1 dominant vibrational symmetry to each eigenvector
(i.e., each eigenvector was assigned to the vA1 or vB1 vibra-
tional level) by comparing the sum of squared coefficients
in each eigenfunction for vibrational basis functions of
vA1 symmetry with the corresponding sum for vibrational
basis functions of vB1 symmetry. The levels obtained in this
way for the vA1 (or vB1) vibrational tunneling component
were then ordered in increasing energy, and JKa;Kc labels
were assigned by comparison with the rA1 (or rB1) positions
in the asymmetric-rotor symmetry species sequence deter-
mined for given J from Table 1 of Ref. [2]. The same pro-
cedure was used for the vrA2, vrB1, and vrB2 vibration-
rotation symmetry blocks. Treatment of the vrE1 and vrE2

symmetry blocks was similar, except that each block con-
tains four types of product basis functions, e.g., vrE1 con-
tains vE1

rA1, vE1
rA2, vE2

rB1, and vE2
rB2.

A qualitative understanding of the competition between
inversion tunneling (our shorthand term for the hydrogen-
transfer motion plus corrective internal rotation [2]) and
pure torsional tunneling in determining the tunneling split-
ting pattern in 2-MMA can be obtained from Fig. 3, which
illustrates the J = 0 energy levels calculated from Eqs. (5)
of [2]. Those equations include only the two main tunneling
splitting parameters, h2v and h3v, where h2v is associated
with the inversion motion and h3v is associated with the
pure internal rotation. In the inversion–torsion vibrational
ground state, both are negative. Fig. 3 actually plots energy
levels divided by h2v + h3v, which makes it easier to follow
the change in splitting pattern from the left of the diagram,
where only pure internal rotation occurs, to the right,
where only hydrogen-transfer plus corrective internal rota-
tion occurs. It is interesting to note, as indicated at the top
of Fig. 3, that the two isotopologs of 2-MMA studied here,
together with the ground and first excited torsional states
of methylamine studied earlier [8,9], provide examples of
four different regimes in this diagram. For example, the
first torsional state of methylamine and the normal isotope
of 2-MMA represent the two limiting cases, i.e.,
|h2v| << |h3v| (torsional splitting dominates) and |h2v| >>
| h3v| (inversion splitting dominates), while the ground state
of methylamine has |h2v| � |h3v| (both splittings compara-
ble). Clearly, the large-amplitude motion splitting pattern
for molecules of the type considered here depends on the
potential surface, on the location of any deuteration, and
on the number of quanta found in the torsional and inver-
sion modes.

4. Spectral fits

A least squares fit of 2578 transitions in 2-MMA-d0 to
37 parameters was carried out, giving a root-mean-square
deviation of 0.015 MHz. A copy of the fitting program,
and the input and output files are deposited in supplemen-
tary material (Appendix A). The molecular parameters
from this fit are shown in Table 2, where parameters from
our earlier fit of only Sanders’ data are shown for
comparison.

A least squares fit of 2552 transitions in 2-MMA-d1 to
32 parameters was also carried out, using the same pro-
gram as for the d0 species. This fit again gave a root-
mean-square deviation of 0.015 MHz. The input and out-
put files for the d1 species are deposited in the supplemen-
tary material. The molecular parameters are shown in
Table 3, where parameters from our earlier fit of Sanders’
data are again shown for comparison.

The fits for both isotopologs are excellent. In particular,
the root-mean-square deviations given in Table 1 demon-
strate that our new measurements are quite accurate and



Table 2
Molecular parametersa from least-squares fits of tunneling-rotational transitionsb in the ground vibrational level of 2-methylmalonaldehyde-d0

This work Ref. [2] This work Ref. [2]

A� B 2236.84780(25) 2236.792(25) r2 �28.748(59)
B 2801.135314(84) 2801.1761(36) r2j � 103 0.0612(47)
(B � C)/4 353.491836(42) 353.5113(12) h4v 9.30569(64) 8.98(45)
s1 29.3832(44) 31.516(12) h4k 0.000981(20)
q 0.0319219050(54) 0.0319274(19) f4 0.0000275(16)
DJ � 103 0.329303(25) 0.201(42) r4 �0.02068(56)
DJK � 103 0.73322(16) 1.17(19)
DK � 103 3.87343(43) 7.84(61) h3v �111.4925(59) �111.10(58)
dJ � 103 �0.095933(12) h3j �0.0007446(54)
dK � 103 �0.359057(83) h3k �0.044456(47)
s1J � 103 �0.12294(32) f3 0.0023217(22)
s1K � 103 0.35013(39) h3kk � 103 �0.00448(28)
qJ � 106 �0.037797(55) f3k � 103 �0.001046(53)
qK � 106 �0.01454(21) r3 0.26051(28)

r3j � 103 �0.01122(45)
h2v �21013.0064(14) �21010.86(62) r3k � 103 0.0348(24)
h2j 0.04473(16) 0.00544(85) h5v �0.0643(33)
h2k 1.76358(16) 1.7895(65)
f2 �0.126349(80) �0.10699(37)
h2jj � 103 �0.000290(24) # of linesc 2578 88
h2kk � 103 �0.06167(26) rms 0.015 0.12
f2k � 103 �0.031385(53)

a Numbers in parentheses denote one standard deviation (type A, k = 1) [10] and apply to the last digits of the parameters. All parameters and the root-
mean-square deviation (rms) of the fit are in MHz, except for q, qJ, and qK, which are unitless.

b The transition frequencies used are summarized in Table 1.
c Number of transitions included in the fit.

Table 3
Molecular parametersa from least-squares fits of tunneling-rotational transitionsb in the ground vibrational level of 2-methylmalonaldehyde-d1

This work Ref. [2] This work Ref. [2]

A� B 2253.9162(38) 2253.681(20) f2 �0.016850(58) �0.01800(70)
B 2755.7806(13) 2755.8107(33) f2j � 103 0.0000726(67)
(B � C)/4 344.59585(63) 344.6029(14) f2k � 103 �0.001750(72)
s1 47.062(42) 48.3216(52) r2 �2.132(72)
q 0.03180863(39) 0.0317978(81) s2 0.001639(77)
DJ � 103 0.310121(42) 0.277(41) h4v 1.76648(52)
DJK � 103 0.80161(42) f4 0.0000123(17)
DK � 103 3.5076(10) h6v �0.3066(63)
dJ � 103 �0.088772(21)
dK � 103 �0.38492(23) h3v �348.2129(71) �348.95(30)
s1J � 103 �0.10294(96) h3j �0.0005759(61)
s1K � 103 0.3727(44) f3 �0.0003105(27)
qJ � 106 �0.0136(11) f3k � 103 �0.001879(57)
qK � 106 �0.1389(25) r3 0.2602(10)

s3 0.00269(12)
h2v �2695.5740(60) �2693.84(30) h5v 0.3314(33)
h2j 0.00619(11)
h2k 0.27878(16) 0.279(12) # of linesc 2552 75

rms 0.015 0.10

a Numbers in parentheses denote one standard deviation (type A, k = 1) [10] and apply to the last digits of the parameters. All parameters and the root-
mean-square deviation (rms) of the fit are in MHz, except for q, qJ, and qK, which are unitless.

b The transition frequencies used are summarized in Table 1.
c Number of transitions included in the fit.
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that the hydrogen-transfer–internal-rotation tunneling
Hamiltonian used here is capable of describing energy lev-
els and their splittings to 10 kHz.

The constants in Tables 2 and 3 are organized as fol-
lows. Those in the first column with no numerical subscript
or the subscript 1 refer to quantities characterizing the non-
tunneling molecule. The first five rows contain parameters
related to the equilibrium structure of the molecule,
namely: linear combinations of the usual rotational con-
stants A, B, and C; a coefficient s1 (see Eqs. (1)–(7) of
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[9]), which is an off-diagonal component of the 3 � 3 rota-
tional constant matrix; and the quantity q, which is a ratio
of the moment of inertia of the methyl group about its sym-
metry axis to a (nonprincipal) moment of inertia of the
whole molecule (see Eqs. (10) of [11]) and is a close analog
of the same quantity in ordinary internal rotation prob-
lems. It can be seen from Tables 2 and 3 that these param-
eters change by very small amounts when the number of
transitions in the fit is increased by a factor of approxi-
mately 30, indicating that no major change has occurred
in our understanding of the molecular structure. Many of
the various centrifugal distortion terms of these five quan-
tities given in the next nine rows could not be determined
from Sanders’ data set, so no comparison with results from
[2] is possible. All of these centrifugal distortion constants
are small, suggesting that the chemical bonds in the non-
tunneling equilibrium structure can be considered to have
a ‘‘normal” degree of rigidity with respect to distortion
by centrifugal forces.

The next set of molecular parameters, all of which have
an even numerical subscript n = 2, 4, or 6, characterize the
hydrogen-transfer plus corrective internal rotation tunnel-
ing motion. In particular, the subscripts 2, 4, and 6 charac-
terize, respectively, energy splitting contributions arising
because of tunneling in this large-amplitude motion from
a given potential minimum (i.e, a given configuration) to
its nearest-neighbor, next-nearest-neighbor, and next-
next-nearest-neighbor minima (see Fig. 2 of our earlier
paper [2] for a diagram of these minima). For the high-bar-
rier tunneling approximation (used to derive the present
formalism) to be valid, it is required that |h2v| >>
| h4v| >> |h6v|. It can be seen that |h2v|/|h4v| � 2000 for both
isotopologs. The relatively large value of |h6v| for the d1
species may be an artifact caused by the known tendency
for the last term in the parameter expansion describing a
given physical phenomenon to be strongly contaminated
by contributions from a number of extraneous higher-
order effects not treated properly by the truncated Hamil-
tonian. It can be seen that the nearest-neighbor tunneling
parameter h2v is almost unchanged from Ref. [2] when
the present data set is used. Of some interest is the r2 term,
determined for the first time here. This term describes a
DK = ±1 Coriolis interaction between angular momentum
generated by the hydrogen-transfer plus corrective internal
rotation motion and the overall angular momentum (see
Eqs. (1) and (8)–(12) of [9]) and could be determined here
because of the high precision of our new measurements.

The final set of molecular parameters in Tables 2 and 3
all have an odd numerical subscript greater than unity, i.e.,
n = 3 or 5. These subscripts label terms characterizing
nearest-neighbor and next-nearest-neighbor tunneling in
the pure internal rotation motion (see Fig. 2 of [2]). We
again conclude that the high-barrier approximation is
applicable to this motion, since |h3v| >> | h5v| is satisfied.
The most important conclusion from this part of Tables
2 and 3 is that the unexpected 3-fold increase in internal
rotation tunneling splitting upon deuteration of the OH
group found in [2] is completely confirmed by the fits to
our much larger and much more precise data sets. The
implications of this for the 3-fold internal rotation barrier
determination are discussed in the following section.
5. Barrier heights from observed tunneling splittings and

assumed tunneling paths

5.1. Barrier to the pure torsional large-amplitude motion

(LAM)

The quantity |3h3v| corresponds, as shown on the left of
Fig. 3, to the usual E–A internal rotation splitting in a
methyl-top molecule. This observed quantity can thus be
combined with a calculated value for the internal rotation
parameter F to obtain a barrier height from the usual inter-
nal rotation Hamiltonian

H ¼ T þ V ¼ Fp2
a þ ð1=2ÞV nð1� cos naÞ; ð2Þ

where a is the internal rotation angle and n = 3 for the
methyl torsion. We have calculated values for the princi-
pal-axis rotational constants AP, BP, CP, for the moment
of inertia of the top about its symmetry axis Ia, and for F

from the first five fitting parameters in Table 2. Principal-
axis rotational constants AP = 5038.5473(3),
BP = 3507.5548(1), CP = 2094.1516(1), and the direction
cosines of the top axis kz = 0.99982, kx = �0.01920 in the
principal-axis system can be obtained by diagonalizing
the rotational constant matrix from Table 2, using s1 as
the coefficient of (JzJx + JxJz). Substituting these values
and q (or their analogs for the OD species) into some of
Eqs. (2–25) and (2–30) in Ref. [12] then yields values
for F of 5.43806 and 5.42629 cm�1 for 2-MMA-d0 and
2-MMA-d1, respectively, as well as values for Ia of
3.2022 and 3.2087 uÅ2. These values for Ia lie in the normal
range and thus support the validity of this procedure.

As expected, the calculated value of F is nearly invariant
to deuteration of the hydroxyl group in 2-MMA, but the
large difference in fitted h3v values in Tables 2 and 3 leads
to rather different barrier heights, namely:

V 3ðOHÞ ¼ 400:7 cm�1

V 3ðODÞ ¼ 311:6 cm�1: ð3Þ

Uncertainties cannot be given, since we have fit one un-
known, 3h3v, to one parameter, V3. This 89 cm�1 decrease
in effective barrier height after deuteration of the hydroxyl
group is quite large and somewhat surprising. Further-
more, both of these values are higher than the 240 cm�1

calculated value given in Fig. 4 of Ref. [13], but those
authors indicate that their barrier values are dependent
on the computational methods used, and in particular the
DFT method used in their work underestimates barrier val-
ues [13].

No convincing explanation for the large observed
change in h3v upon deuteration presented itself during
our earlier work [2], but the rather small data set provided



62 V.V. Ilyushin et al. / Journal of Molecular Spectroscopy 251 (2008) 56–63
by Sanders’ measurements left open the possibility that the
large change might have been caused by one or more mis-
assignments in our earlier data set. The present data set is
almost 30 times larger, however, and the fit is excellent, so
we now believe that the fitted values of h3v presented in
Tables 2 and 3 (which are essentially the same as our earlier
values) are the correct ones for the present high-barrier
tunneling model.

One explanation for this 89 cm�1 change is to ascribe it
to ‘‘unknown model error”, where, for example, some frac-
tion of the 100 times larger h2v hydrogen-transfer tunneling
frequency (in the OH isotopomer) contributes in an unsus-
pected way to the fitted h3v tunneling frequency. This expla-
nation is supported by the fact that we are unable to
explain the H/D isotope dependence of the tunneling split-
ting for the H-transfer LAM (see discussion below).

Another explanation involves postulating: (i) a 600 cm�1

increase in the OAH stretching frequency when going from
the equilibrium configuration at the bottom of the internal
rotation well (where the OAH stretch is presumably
strongly red-shifted by the intramolecular hydrogen bond)
to the top of the barrier, and (ii) a 1/

p
2 shift in both vibra-

tional frequencies for the OD species. The change in zero-
point contribution from this small-amplitude vibration to
the ‘‘vibrationally averaged” internal rotation barrier
would then approximate the desired 89 cm�1. This expla-
nation (or some more elaborate version of zero-point
energy differences and/or vibrational averaged structures
for the OH and OD groups at the top and bottom of the
barrier) could presumably be tested by high-level ab initio
calculations.

5.2. Barrier to the H-transfer LAM

It is less straightforward to go from the observed h2v val-
ues in Tables 2 and 3 to effective barrier heights for the
hydrogen-transfer plus corrective internal rotation motion.
We initially hoped to obtain a barrier height by treating the
H-transfer LAM as a one-dimensional mathematical prob-
lem after parameterizing: (i) the tunneling path itself, (ii)
the potential along this path, and (iii) the effective mass
moving along this path. Such an approach is quite appeal-
ing, since the tunneling model used here to obtain a near-
quantitative fit to the experimental data essentially assumes
that the system point travels, for each large-amplitude tun-
neling motion, along some path (i.e., along some line) in
coordinate space which does not intersect the path of any
other large-amplitude tunneling motion (as illustrated sche-
matically, for example, in Fig. 4 of [14]). Even though our
one-dimensional approach was not successful, we describe
a few results below, since they lead rather naturally to the
conclusion that a two-dimensional approach will be
necessary.

Note that we use the phrase ‘‘one-dimensional math-
ematical problem” here to denote motion involving one
position coordinate and one momentum conjugate to
that position. Thus, any motion describable by the
position and velocity of the system point on a specified
curve in multi-dimensional space is considered to be
one-dimensional, no matter how many chemical bond-
ing dimensions (e.g., stretches, bends, torsions, inver-
sions, etc.) that specified curve may sample. Similarly,
we use the phrase ‘‘two-dimensional mathematical prob-
lem” to denote motion involving two position coordi-
nates and two conjugate momenta. Thus any motion
describable by the position and velocity of the system
point on a specified two-dimensional surface in multi-
dimensional space is considered to be two-dimensional,
no matter how many chemical dimensions the surface
may sample.

The H-transfer LAM was treated as a 6-fold periodic-
well problem involving motion along a single coordinate
angle b, with the further assumption that the potential
energy along the path can be expanded as a rapidly conver-
gent Fourier series. The Hamiltonian is then given by Eq.
(2) with a replaced by b and n = 6. The parameter F in
Eq. (2) is no longer a constant, but a Fourier series for
its variation with b can be calculated from estimates of
the effective mass at each point along the path. As men-
tioned, our one-dimensional approach was not successful,
so we give below only the main qualitative results.

When the H-transfer motion plus corrective internal
rotation is considered to involve the motion of four H
atoms along the tunneling path (i.e., one from the OH
and three from the CH3), then the effective mass is essen-
tially 4 for the OH species and 5 for the OD species, and
we find values of V6 for the two isotopologs of a few hun-
dred wavenumbers (cm�1). These values are much smaller
than expected and differ from each other by nearly a factor
of two. When the H-transfer motion plus corrective inter-
nal rotation is arbitrarily considered to involve the motion
of only one H atom along the tunneling path (i.e., that of
the OH group), then the effective mass is essentially 1 for
the OH species and 2 for the OD species, and we find values
of V6 for the two isotopologs that are much larger (a few
thousand wavenumbers (cm�1)) and in remarkably good
agreement with each other.

The results above seem to suggest that the corrective
internal rotation of the methyl group is somehow or other
not part of the tunneling process. Such an idea can be
rationalized intuitively by imagining that the hydroxyl H
and the single M double bond rearrangements first proceed
to the midpoints of their respective tunneling paths, where
the 3-fold barrier to internal rotation vanishes by symme-
try. At this point the corrective internal rotation of the
methyl group takes place against only the resistance of a
small 6-fold barrier (almost no tunneling barrier; see
Fig. 1). Once the corrective internal rotation has been com-
pleted, the hydroxyl H and the single M double bond rear-
rangements proceed to the end points of their respective
tunneling paths. This intuitive approach leads, however,
to the somewhat unappealing requirement that the poten-
tial energy V, as a function of distance along the angle b,
is large when the H-transfer motion is occurring, but that
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it decreases suddenly to a small value just before the correc-
tive internal rotation occurs.

Looking at things from a time-domain point of view,
Ushiyama and Takatsuka [13] concluded from ab initio tra-
jectory calculations that the hydrogen transfer, double–sin-
gle bond exchange, and internal rotation do not proceed
simultaneously, but in fact proceed nearly sequentially, with
the internal rotation motion lagging significantly behind the
hydrogen transfer. (Our computational model above actu-
ally corresponds to the opposite case, where all structural
changes proceed simultaneously and at constant velocity.)
The behavior predicted by Ushiyama and Takatsuka cannot
easily be modeled as a traditional one-dimensional quantum
mechanical tunneling problem, since the molecular configu-
ration (in particular the methyl torsional angle) at a point on
the tunneling path A M B near the equilibrium structure A
will be different, depending on whether the system has just
departed from A (CH3 group still at its equilibrium orienta-
tion for A) or is just about to arrive at A (CH3 group still at its
equilibrium orientation for B). In more mathematical terms,
the molecular configuration is not uniquely defined by the
value of the coordinate b at any given point along such a tun-
neling path; it is also necessary to know the sign of the veloc-
ity db/dt at that point.

Since the intuitive picture of ‘‘hiding some of the mass
from the tunneling motion” cannot easily be achieved in
a one-dimensional model, a two-dimensional model seems
more promising. One could then in principle apportion the
kinetic and potential energies between the two degrees of
freedom in such a way that the internal rotation degree
of freedom sees almost none of the potential energy (bar-
rier) while the H-transfer degree of freedom sees almost
all of it. A careful treatment of such a model is beyond
the scope of this work.

6. Summary

An excellent fit to a large body of precise microwave
data has been achieved here for 2-methylmalonaldehyde
using a group-theoretically derived two-dimensional tun-
neling Hamiltonian. In spite of this, a precise interpretation
of the tunneling parameters from the fit in terms of features
of the potential surface has not been achieved. Experimen-
tally, it would obviously be helpful to get high quality mea-
surements for both the OH and OD variants of the CD3
species. Theoretically, even more remains to be done,
including ab initio calculations for the most interesting
regions of the potential surface as well as algebraic and
numerical investigations of tunneling splittings in problems
with simplified model potentials.
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