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The Conformers of Hydroxyacetaldehyde
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Both two and eighteen dimensional quantum diffusion Monte Carlo (DMC) calculations were used to study
the isomers of hydroxyacetaldehyde. A total of four unique minima, and the transition states connecting
them, were located. Both two and eighteen dimensional potential energy surfaces were generated and used in
the DMC runs. The rotational constants for the global minimum were predicted for all experimentally identified
isotopomers and an approximate equilibrium structure obtained by combining our theoretical results with the
experimentally observed rotational constants. The results obtained for the remaining isomers indicate that not
all of them can be isolated in the gas phase.

Introduction
Hydroxyacetaldehyde, (hydroxyethanal, glycolaldehyde;-CH qﬂ (
5.0

OHCHO), an isomer of methyl formate and acetic acid, has

been recently seen toward the Galactic center cloud Sgr B2(N)

(Hollis, Lovas, and Jewell 2008)Generally, it is believed that : 9

saturated molecules in hot cores are synthesized on interstellal

dust grains in a low-temperature era. However the synthesis of

glycolaldehyde is currently unknown toward its source. Several GM (Global Minimum) L1 (Local minimum 1)

research groups have paid attention to glycolaldehyde, its origin
in interstellar cloud$,oxidation? and its reaction with the OH )_*
4 9

radical® both experimentally and theoretically.

Marstokk and Mgllendér® first systematically studied the
structure of glycolaldehyde in the gas phase but only observed#‘
one isomer. Their microwave measurements of the parent
molecule and deuterated species as well as three other isotopit
species also included the dipole moment. They pointed out that
the cis form, denoted GM in this paper, is the most stable
conformer based on low level theoretical calculations of three
possible conformers, denoted here as GM, L1, and L3. Later, it
was found that there was a fourth conformer of glycolaldehyde
(cf. Figure 1), denoted in this work as L2, in the theoretical
work of Antero et aP Recently, Senetft studied the torsional
spectrum and interconversion process between the four con-
formers at the MP2/cc-pVQZ level using a two-dimensional Methods
variational approach. In addition, Sen€momputed the rotation
parameters corresponding to respective conformers. All ab initio calculations reported in this work were computed

In this paper our main focus is on the implications of by using the Gaussian 98 suite of prograrh§he PES was
introducing the full dimensionality of the potential energy Mapped in the two torsional angleg, = —OCCO andg, =
surface (PES) of hydroxyacetaldehyde in the identification and ~HOCC by performing B3LYP/6-31G** constrained optimiza-
assignment of different conformers. Because hydroxyacetalde-tions from¢; = —180-180 in steps of S5and¢, = 0—180 in
hyde is an 8-atom system the total number of nuclear degreessteps of 10. That is, a total of 1387 constrained optimizations
of freedom is 18. The only feasible technique available to study Were performed. A contour plot of this two-dimensional PES
systems with such high dimensionality is Diffusion Monte Carlo i given in Figure 2. Indicated on this figure are all the minima
(DMC), which is used throughout this work. Quantum DMC is and saddle points with the corresponding energies given in
now routinely used to solve for the ground-state nuclear Scheme 1. Table 1 includes the energies of the minima at the
wavefunction and has been applied to a wide variety of systemsB3LYP/6-31G(d,p), B3LYP/cc-pVTZ, CB%2 and G3XMP2
including the 30-dimensional intermolecular modes of the water levels.
hexame¥ and 142 and 452 torsions of a bimolecular systém. Table 1 compares the four conformers energies at different
Systems where no degrees of freedom have been frozen havéevels of theory, the order is consistent for the two B3LYP

calculations; however, the CB% and G3XMP2 methods both

* To whom correspondence should be addressed. Email: chmbrpa@ Predict L1 to be slightly lower in energy than L2 as was also
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L2 (Local minimum 2) L3 (Local minimum 3)
Figure 1. The four conformer structures of glycolaldehyde.

also been studied. Examples include 9 dimensions for off£CH
and 12 dimensions for G4, and the water dime®:16
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Figure 2. Contour plot of hydroxyacetaldehyde (energies inm&nmas a function of the two torsional angles.
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SCHEME 1: Local Minima and Transition States for Hydroxyacetaldehyde at the B3LPY/6-31G** Level of Theory
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TABLE 1: Relative Energies (cn1) of Minima at the Various Levels of Theory

minima B3LYP/6-31G(d,p) Senent B3LYP/cc-pvVTZ CBSir° G3XMP2
GM 0 0 0 0 0
L1 1455 1278 1300 1260 1161
L2 1319 1297 1274 1340 1223
L3 2045 1865 1874 1860 1786
L3—GM 178 175 158
L2— L2 868 713 716
L2—L1 347 191 222

aMP4(SDTQ)/cc-pVQZ/IIMP2/cc-pVQZ from ref 10.MP2/aug-cc-pVXZ/IMP2/aug-cc-pVTZ, % T, Q and 5 energies were fit toNl¥>, where
N was the number of basis functions. Relative energies from extrapolation accura®® tonT 2.

attempt to eliminate any basis set superpositioin error (BSSE)and 175 cm?! at the much higher level of Senéht(MP4-
and to correctly describe the H-bond interaction. It is of note (SDTQ)/cc-pVQZ//MP2/cc-pVQZ). Our results and that of

that the much higher level calculations agree reasonably well Senate both show that there exists a significant barrier between
with the lower level B3LYP results. By combination of conformers L1 and the GM as well as L2 and the GM.

Table 1 and Scheme 1, it can be seen that L2 and L1 are very In DMC, small displacements are made to the Cartesian
similar in energy and the barrier between them is small. coordinates of the atoms. The size of the displacements depends
Furthermore, the lowest barrier from conformer L3 to GM was on the mass of the nucleus and the imaginary time step size.
calculated to be only 178 crhat the B3LYP/6-31G(d,p) level  Asimaginary time passes the structure can change dramatically
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depending on the nature of the potential energy surface. In thisTABLE 2: Experimental Rotational Constants for Parent
work we ran DMC simulations on the B3LYP/6-31G(d,p) @and Isotopomers of the Global Minimum Isomer Compared

; L A : L 4With the Perturbation Theory and DMC 2D and 18D
surface given in Figure 2 and an 18-dimensional surface derlvedCOnstants (Former Two Were Computed at the B3LYP/
from a subset of the grid points used to generate the two- g-31G(d,p) Level, All Values Are in MHz)

dimensional surface, as described later.
In the two-dimensional calculations we have assumed that

experimerit exptl—perturb expt-DMC(2D) exptHfitted(18D)
GM

as the two torsional angles change the molecule_ is able t0 5 1g4464 106.5 05+ 1.0 7794176
readjust its structure to the most stable form for the given values g 6526.0 —52.8 25.14 0.5 —364+11.9
of ¢1 and¢,. Hence after each time step we computed the two C 4969.3 -22.3 3.7+£0.2 7.4+ 6.0
values of the torsional angles and then reset the remaining CH,OD-CHO
internal coordinates (and hence the structure) to an interpolationA  17490.8 68.8 -3.4+0.7 —47.7+15.1
of the minimum energy structure that corresponded to these two B~ 6499.8 —44.8 29.9£04 —13.7+£117
angles. A simple bilinear interpolation was used to obtain the 4883.0 —18.9 47+0.1 L4+5.8
above internal coordinates based on the four sets of optimized CH,0H-CDO
internal coordinates, extracted from the grid described previ- g‘ 12%2%'8 _ic;3.70 2166'5i 8'1 157+ “ﬁ 193
ously, that corresponded to the four bracketing pairg;cind C 47790 ~183 4.1+ 01 19.8+ 6.1
¢». Similarly, a bilinear interpolation was also used to obtain CHDOHCHO
the potential energy of the molecule for the given values of the o 16988.0 104.1 145 1.2 69.5+ 17.4
torsional angles. B 6385.5 —51.0 20.5+ 0.4 —19.0+10.4
Here we specifically implemented discrete sampling DMC c 48438 —203 6.5+0.2 13.0£6.7
with 1000 initial replicas. The population was first pre- 3CH,OH-CHO
equilibrated using a step size of 5 au for 7000 steps in the 12126'9 88.5 —13.9+0.7 154.0+19.5
. ) ; . 487.5 —49.9 26.5+0.5 6.6+ 115
2-dimensional surface and 20000 steps on the 18-dimensionalc 4923 —22.4 28+ 02 2204 7.4
surface. After the pre-equilibration the zero-point energy was CH,OH-3CHO
. 2
noted to have converged, and data sampling then occurred everyy, 182595 109.4 4507 —49.54 19.1
50 steps over a period of 10 000 steps using a step size of 1 aus 6472.3 —51.9 241+ 0.4 —-8.6+ 115
The rotational constants were computed also during this period C 4924.6 —21.6 3.6+£0.2 5.8+5.6
using the method of descendant weights. Descendants were CH,OH-CH!0
followed for 1000 steps with a new set of descendants initiated /é 1222% i%lb5 —Z%iit 8-2 —G%i ﬁ-g
and followed every 100 time steps. The reported results for the c 47785 13 4.4k 0.1 ABLES

rotational constants are from 20 and 320 separate runs for the
2- and 18-dimensional surfaces, respectively. The reported errors * From ref 6.

are two standard deV|a.t|ons of the respgctlve means. TABLE 3: Comparison Parameters of the Fitted Structure
To compute the rotational constants it is necessary to ensureand Reference Structure Ref 6

that the Eckart conditions are enforced. A speedy algorithm was

. . . exptlrs structure fittedre structure

developed to ensure this and is essentially the same as that—— A A
described by Kohn et & We also utilized the molecular c=0 1.2094+ 0.0003 1.2106

; ) c—O 1.4366+ 0.0007 A 1.3937 A

symmetry of the system to effectively double the population <& 1.4987+ 0.0004 A 15079 A

size in computing the inverted moment of inertia tensor. Note  o—H 1.0510+ 0.0004 A 0.9712 A

that while we are always in the Eckart axis system, the inverted = Ha—C 1.10214+ 0.0003 A 1.1058 A

moment of inertia tensor is not exactly diagonal, except for the ~ Hac—C 1.0930+ 0.0003 A 1.0897 A
reference configuration. However, the absolute value of the off-  ~€==0 o e
diagonal elements for all isotopomers of the GM was never more —C—C—Oald 11128 + 2 111°59
than 21 MHz for the inverted product of inertia about tieb —C—O—H 101.34 + 2 10519
axes and never more than 2 MHz for thec andb—c axes. —C—C—Hac 109.13 + 1 107°50
We used two approaches for modeling the PES in 18 —H-C¢H 10734 + 2 104’56
—H—C—-0 10939 £ 1 111°56

dimensions. One utilized the B3LYP/6-31G(d,p) level of theory,
and the other the energies given by SeHettthe MP4(SDTQ)/

cc-pVQZ level on the provided grid, but the first and second angle, and is dihedral angle. Note thak, — ¢; andds — ¢»

derivatives of the potential at these points at the B3LYP/6-31G- ) X
(d,p) level. At each of the grid points we performed constrained The Taylor series about each point of the surface was expanded

optimizations then obtained the energies, gradients, and second® '"VErser but directly ina andd. The above coo_rdln_ate set
derivatives of the energy with respect to the coordinate Systemtransfo_rms to the following set under the permutation-inversion
(described below). This data is then used in the Collins OPeration of the molecular symmetry group of hydroxyacetal-
interpolation metho#! for evaluating the energy for any given ~ denyde, i.e., the operation gle)*, {r1, r2, 3, I's, 4, re, I7, a,
configuration of the system in all 18 dimensions. We did apply 2 & 8s, 8, 8, —i, —d3, —dp, —ds, —dg}. Thus this choice

one modification to standard Collins scheme, however, and thatf coordinates ensures that the potential possess the correct

ds(Hs,Cy,,C1,05)}, wherer is an interatomic distanca,is bond

was to use B8—6 internal coordinates rather than th@—1)/2 symmetry properties.

interatomic distances. The following set of 18 internal coordi-  Note that the grid step size of 3@or the 18 dimensional
nates were chosen (the atom labels can be found in Figure 1surface is coarse and may result is some non-smooth behavior
for the GM), {ri(C1,Cy), r2(0s,C1), r3(Ha,Ca), ra(Hs,Co), rs- of the potential when interpolating between ab initio data points.
(He,Cy), re(07,Cy), r7(Hs,O7), a1(03,C1,Cy), ax(Ha,Ci,Cy), as- However, DMC, being a statistical method, is well suited to
(Hs5,C,,C1), as(He,C2,Cy1), as(07,Cy,C1), as(Hs,07,Cy), di- dealing with such potentials. The reader should also note that,

(Ha,C1,C5,03), do(Hs,C,,Cy,Hg), d3(Hes,C2,C1,Ha), da(O7,C,,C1,03), while ¢1 and ¢, were varied over their entire range of values,
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Figure 3. Contour plot the ground state wavefunction for the global
minimum. Each contour represents a fall of about 5% in probability
amplitude.

many of the remaining 16 dimensions changed little over the

Figure 4. Contour plot the ground state wavefunction for the L2
minimum. Each contour represents a fall of about 5% in probability
amplitude.

All attempts to localize the wavefunction about the minimum

grid of points (e.g., bond lengths and angles). Thus interpolated L3 failed. This was clearly due to the small barrier associated
energies for significantly different values of these coordinates with the interconversion of L3 to GM. While a DMC calculation
cannot be expected to be accurate. Our 18 dimensional surfacgs not a dynamics simulation, we also recognize a relationship
is constructed to reasonably accurately descvif®, ¢.) but between the imaginary time taken for a population to migrate
only qualitatively describe how the potential varies for the from one minimum down to another and the ability to isolate a
remaining 16 degrees of freedom. system as an independent conformer, rather than detect it
spectroscopically as a transient excited vibrational state. Based
on the results of the two-dimensional and 18-dimensional
calculations we propose that isomer L3 cannot be isolated in
The experimental rotational constants (errors less than thethe gas phase.
last significant digit given) are compared with the DMC  Because of the slight energy differences between conformers
rotational constants (error arises from the random Monte Carlo |1 and L2 and the relatively low barrier between them it is
component of the simulation) for various isotopomers of the difficult to predict which conformer may be isolated. By use of
GM in Table 2. We have also included in this table the values the 2- and 18-dimensional surfaces at the B3LYP/6-31G(d,p)
expected for the rotational constants using perturbation theory|eve| the wavefunction localizes around minima L2 and 48
atthe B3LYP/6-31G(d,p) level as implemented in Gaussia# 03.  indicated in Figure 4. However, using the energies of Selent,
The agreement between experiment and the DMC 2-dimen-in which isomer L1 is lower in energy, the wavefunction tends
sional predictions is remarkable (and most likely fortuitous) to localize about both L2 and L1 to some extent, although the
considering the level of theory used and the 2-dimensional projected wavefunction is somewhat difficult to interpret due
approximation. A closer examination of Table 2 reveals that to the crudeness of using a coarse grid for the PES and energies
the By rotational constant is consistently predicted too low by with derivatives of the energies obtained from different levels
about 25 MHz, which may indicate the equilibrium structure is of theory. On the basis of our results, we conclude that only
marginally too “tight” about this axis at the B3LYP/6-31G(d,p) one other isomer of hydroxyacetaldehyde should be observable
level. However, the 18-dimensional DMC results differed more in the gas phase, and that isomer is most likely to be L2.
significantly from experiment. In this case we varied the
reference structural parameters to obtain the best agreement with Acknowledgment. We thank the National University of
the experimental rotational constants and obtained the geometrySingapore, Faculty Research Grant, for supporting this work.
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