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Abstract: The equilibrium molecular structures of the two lowest-energy conformers of glycine, Gly-Ip and
Gly-IIn, have been characterized by high-level ab initio electronic structure computations, including all-electron
cc-pVTZ CCSD(T) geometry optimizations and 6-31G* MP2 quartic force fields, the latter to account for anhar-
monic zero-point vibrational effects to isotopologic rotational constants. Based on experimentally measured vibra-
tionally averaged effective rotational constant sets of several isotopologues and our ab initio data for structural con-
straints and zero-point vibrational shifts, least-squares structural refinements were performed to determine improved
Born-Oppenheimer equilibrium (r.) structures of Gly-Ip and Gly-IIn. Without the ab initio constraints even the
extensive set of empirical rotational constants available for 5 and 10 isotopologues of Gly-Ip and Gly-IIn, respec-
tively, cannot satisfactorily fix their molecular structure. Excellent agreement between theory and experiment is
found for the rotational constants of both conformers, the rms residual of the final fits being 7.8 and 51.6 kHz for
Gly-Ip and Gly-IIn, respectively. High-level ab initio computations with focal point extrapolations determine the
barrier to planarity separating Gly-IIp and Gly-IIn to be 20.5 = 5.0 cm ™ '. The equilibrium torsion angle 7(NCCO)
of Gly-IIn, characterizing the deviation of its heavy-atom framework from planarity, is (11 * 2)°. Nevertheless, in
the ground vibrational state the effective structure of Gly-IIn has a plane of symmetry.
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Introduction

Glycine (Gly) is the simplest naturally occurring amino acid,
and thus one of the most fundamental molecules of biological
interest. Gly is considered by many a prototypical amino acid in
structural studies of peptides and proteins. Detection of glycine
in interstellar space,’ which most likely will involve its lowest-
energy conformer Gly-Ip (Fig. 1), is relevant to theories about
the origin of molecules vital to life on Earth. Therefore, the mo-
lecular structures of the conformers of Gly, a neutral species in
the gas phase, have been the focus of extensive experimental®®
and computational’~'* studies. For a more complete list of work
before 1992, see ref. 7.

There is consensus over the qualitative structural features of
the two most stable conformers of glycine, I and II (Fig. 1).
The notation employed in Figure 1 and throughout this paper
follows that introduced in ref. 7, whereby p stands for a con-
former (or conformation) having Cg point-group symmetry, n
stands for a conformer having C; point-group symmetry, and in

general Roman numerals, from I through VIII, indicate the rela-
tive stabilities of the conformers. Consequently, the two most
stable conformers of Gly are denoted Ip and IIn,” having sub-
stantially different atomic arrangements.

Early on, around 1978, there was some confusion about the
relative energies of the most stable conformers of Gly.>%'
Theory, even at the low levels applicable in those days,'* proved
to be vital in the correct interpretation of the experimental
microwave (MW) results and in proving that Gly-Ip is the

Correspondence to: W. D. Allen; e-mail: wdallen@ccqc.uga.edu or A. G.
Csaszar; e-mail: csaszar@chem.elte.hu

Contract/grant sponsor: U. S. National Science Foundation; contract/
grant number: NSF-CHE(04-51445

Contract/grant sponsor: Hungarian Scientific Research Fund; contract/
grant number: OTKA T047185

Contract/grant sponsor: NSF-MTA-OTKA; contract/grant number: INT-
0312355

© 2007 Wiley Periodicals, Inc.



1374 Kasalovd et al. * Vol. 28, No. 8 * Journal of Computational Chemistry

Gly-Ip

Gly-IIn

Figure 1. Structure of the two lowest-energy conformers of neutral glycine. The principal distortion of
the Gly-IIn structure from planarity is an NCCO dihedral angle of 12.8° [cc-pVTZ CCSD(T) level].

global minimum on the potential energy surface (PES) of neutral
Gly. For Gly-1I, it remained unclear whether its equilibrium
structure was planar or not. The determination of an extensive
set of rotational constants of several isotopologues of Gly-IIn’
was aided by the substantial dipole moments of this conformer.
The empirical rotational constants of Gly-II indicated that the
effective structure in the ground vibrational state is planar,
because the amino hydrogens were indistinguishable in the par-
tially deuterated [OH, NDH] and [OD, NDH] MW spectra. Elec-
tronic structure theory at most levels suggested’ that the true
equilibrium structure is nonplanar, though the energy difference
between Gly-IIp and Gly-IIn was predicted to be only on the
order of 20 cm ™. Despite the extensive experimental and theo-
retical data, the question of the (non)planarity of Gly-II was not
definitely settled.

None of the studies performed up to now were able to obtain
satisfactory Born-Oppenheimer equilibrium structures, B0, of
Gly-Ip and Gly-IIn, quantities allowing direct comparison
among disparate molecules. Furthermore, neither the gas elec-
tron diffraction (GED),* as detailed before,>® nor the MW?> and
millimeterwave (MMW)® experimental studies yielded an accu-
rate vibrationally averaged molecular structure of Gly-Ip. Appli-
cation of the computational strategy of equilibrium structure
determination of this study, outlined below, offers no difficulties
for Gly-Ip, and the resulting r2°structure should be highly reli-
able. For Gly-IIn both substitution (r;) and least-squares struc-
tures have been determined based on effective ground-state rota-
tional constants of 12 isotopologues.’ The r structure seemed to
be suspect’ due to “the small b-axis coordinates associated with
both the nitrogen and carbonyl carbon atoms.” The least-squares
structural fit assumed® that in the ground vibrational state
Gly-IIn has C point-group symmetry. Nevertheless, no attempt
was made in ref. 5 to derive the equilibrium structure of
Gly-IIn, for which all dependable ab initio computations, includ-
ing those of the present study, indicate a nonplanar atomic
arrangement. Following our recent successful determination of
the 5° structure for the considerably larger and even less rigid
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amino acid, L-proline,'> here we report results of a similar study
on the two lowest-energy conformers of neutral Gly.

Computational Details

The computational strategy employed in this work, and recom-
mended for similar studies to obtain highly reliable equilibrium
structures, can be summarized as follows.

First, accurate values of 72© are determined at advanced lev-
els of electronic structure theory, in the present case at the all-
electron (AE) cc-pVTZ CCSD(T) level (see below). Systematic
investigations of the accuracy of computed molecular structures
of 19 small closed-shell molecules containing first-row atoms
were carried out by Helgaker and coworkers.'®'® The mean
absolute deviation (MAD) relative to experiment for the com-
puted r. bond distances was 0.0023 A at the AE cc-pVTZ
CCSD(T) level of theory. For AE cc-pVQZ CCSD(T), the mean
absolute bond-length deviation was 0.0022 A, only 0.0001 A
smaller than for cc-pVITZ CCSD(T). For bond angles, the
MADs were 0.48 and 0.21° at the AE cc-pCVTZ CCSD(T) and
cc-pCVQZ CCSD(T) levels of theory, respectively. These
benchmarks show that for molecules containing first row atoms,
cc-pVTZ CCSD(T) yields bond lengths and bond angles with
accuracies in the range of 0.002 A and 0.5°, respectively. Sec-
ond, vibrational corrections between equilibrium and ground-
state rotational constants are determined, in the present case at
the all-electron 6-31G* MP2 level, through computation of a
full cubic force field and the use of second-order vibrational per-
turbation theory (VPTZ).19_23 A weakness of this standard
approach is that no special consideration is given to large-ampli-
tude motion(s). Third, the experimental ground-state rotational
constants of all the isotopologues> are corrected to yield empir-
ically-based equilibrium rotational constants. Fourth, guided
weighted least-squares refinements are performed with various
ab initio structural constraints to determine the € parameters
in best agreement with the available zero-point corrected experi-
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Table 1. Valence Focal-Point Analysis of the Barrier to Planarity of Gly-IIn (cm™").*>¢

Basis E(RHF) 6[MP2] 6[CCSD] 6[CCSD(T)] AE.[CCSD(T)]
aug-cc-pVDZ 64.12 —55.06 16.29 —9.84 15.51
aug-cc-pVTZ 61.22 —41.31 14.19 —8.62 25.47
aug-cc-pVQZ 61.99 —42.42 14.37 [—8.62] [25.32]
aug-cc-pV5Z 61.84 —44.04 14.78 [—8.62] [23.97]
CBS* 61.68 —45.74 15.22 [—8.62] [22.54]

“The fixed reference structures employed for all the focal-point computations have been optimized at the all-

electron cc-pVTZ CCSD(T) level.

"The symbol & denotes the increment in the relative energy (AE.) with respect to the preceding level of
theory, as given by the higher-order correlation series [HF — MP2 — CCSD — CCSD(T)]. The CCSD(T)
correlation increments listed in brackets are taken for the purpose of extrapolation from corresponding entries
for smaller basis sets, thus yielding the net AE, values also appearing in brackets.

‘CBS, complete basis set limit. Based on X = (3, 4, 5) aug-cc-pVXZ RHF and X = (4, 5) aug-cc-pVXZ
MP2 and CCSD energy points. See text for extrapolation formulas.

mental rotational constants. In particular, for Gly-IIn we decided
to check carefully whether the experimental rotational constants
can support an 75° of C; point-group symmetry.

Electronic Structure Computations

Several correlated levels of electronic structure theory have been
used previously in order to determine equilibrium structures of
certain conformers of Gly. In ref. 7, geometry optimizations for
all conformers of Gly were performed at the 6-311+4G** MP2
level, known to yield reasonably accurate equilibrium Born-
Oppenheimer structures and rotational constants. In ref. 10, the
highest-level optimizations were performed at the DZP CCSD
level. The Born-Oppenheimer equilibrium structures of Gly-Ip,
Gly-IIp, and Gly-IIn have been reoptimized in this study using
the cc-pVTZ24 basis set at the all-electron CCSD(T) level,>>~27
where CCSD(T) stands for coupled-cluster theory with all single
and double excitations and a perturbative estimate of connected tri-
ple excitations. The geometry optimizations were performed with
the program packages MOLPRO® and ACESIIL.>

The barrier to planarity of Gly-IIn was reported to be about
20 cm™! in previous work.” With such a minuscule barrier, we
deemed it important to compute a definitive value for the IIn — IIp
barrier to prove conclusively that this conformation is nonplanar.
A valence focal-point analysis®*~>* of this quantity was thus exe-
cuted, as detailed in Tablel. For the extrapolation of the Hartree-
Fock energies, a three-parameter exponential formula,*-%

EY" =EY +ae ™ €)
was used, while for the extrapolation of the MP2 and CCSD

electron correlation energies (¢), a two-parameter polynomial
formula®’

eC = +bx7? 2)

was employed. Energies computed with the aug-cc-pVXZ (X =
T, Q, 5) basis sets?*3¥4! were used in the extrapolations. Core
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correlation shifts were determined at the cc-pCVTZ>***!
CCSD(T) level of theory.

To account for zero-point vibrational effects in the experi-
mental rotational constants, anharmonic force field expansions of
the vibrational potential energy surface were computed for
Gly-Ip and Gly-IIn in normal coordinates*>** at the all-electron
MP2 level with the 6-31G* basis set,** employing the code
ACESIL? In our previous work on proline,'”” we found the
6-31G* MP2 method to be both a sufficiently accurate and eco-
nomical approach to computing zero-point vibrational effects on
the structures of larger molecules. To ensure accuracy of the
anharmonic force fields of glycine, geometries were tightly opti-
mized to better than 107° A and 107> degrees, and analytic sec-
ond derivative techniques were invoked.* The force fields were
computed at the respective equilibrium structures in order to
avoid the nonzero force dilemma.*® In determining the total
vibrational contributions to ground-state rotational constants,
Coriolis resonances need not be considered because all reso-
nance denominators cancel in the summation over normal
modes. For the Gly-IIp transition state, in-house programs were
used to compute anharmonic force constants. The program
INTDIF2004**" was employed to determine the required dis-
placements as well as compute the force constants in internal
coordinates. The transformation of the force constants from in-
ternal to normal coordinates and the computation of spectro-
scopic constants were performed using the programs
INTDER20007%4° and ANHARM,**° respectively.

*INTDIF2004 is an abstract program developed by Allen, W. D. for use
within Mathematica (Wolfram Research Inc., Champaign, Illinois) to
perform high-order numerical differentiations of electronic structure data.
"INTDER2000 is a general program developed by Allen, W. D. and
coworkers which performs various vibrational analyses and higher-order
nonlinear transformations among force field representations.

fANHARM is a FORTRAN program written for VPT2 analyses by
Yamaguchi, Y. and Schaefer, H. F. (Center for Computational Chemistry,
University of Georgia, Athens, GA 30602, USA). See program description
in Ref. 50.

DOI 10.1002/jcc



1376

Kasalovd et al. * Vol. 28, No. 8 * Journal of Computational Chemistry

Table 2. Equilibrium (A., B., C.) and Effective (Ao, By, Cp) Rotational Constants (in MHz) for the Parent
Isotopologues of Gly-Ip, Gly-IIp, and Gly-IIn.

AclAo] B.[Bo] Ce[Col
Gly-Ip
6-311++G** MP2* 10279.0 3877.0 2908.1
6-31G* MP2 (AE) 10228.1[10149.4] 3893.5[3862.2] 2912.8[2890.5]
cc-pVTZ CCSD(T)(AE)® 10407.5[10328.8] 3914.0[3882.7] 2937.5[2915.2]
Expt.° [10341.521(89)] [3876.1785(12)] [2912.3509(10)]
Gly-IIp
6-311++G** MP2* 10175.1 4076.3 3010.9
6-31G* MP2 (AE) 10119.5[10023.7] 4071.9[4049.4] 3003.7[2982.6]
cc-pVTZ CCSD(T) (AE)® 10255.0[10159.2] 4097.0[4074.5] 3028.0[3006.9]
Gly-IIn
6-311++G** MP2* 10127.5 4085.3 3024.8
6-31G* MP2 (AE) 10022.9[9957.2] 4093.3[4059.4] 3031.3[2998.9]
cc-pVTZ CCSD(T) (AE)® 10182.8[10117.1] 4112.6[4078.7] 3045.3[3012.9]

Expt.

[10129.86(34)]

[4071.497(11)]

[3007.485(11)]

“Ref. 7.

*The cc-pVTZ CCSD(T) Ao, By, and Cy values were determined using cc-pVTZ CCSD(T) equilibrium A,
B., and C, rotational constants and 6-31G* MP2 vibrational corrections (Table 9 below).

“Effective ground-state values, Ref. 3.

Structural Refinements

With the aid of our fully optimized all-electron cc-pVTZ CCSD(T)
structures, we undertook a weighted least-squares refinement
(LSR) to determine improved equilibrium structural parameters for
Gly-Ip and Gly-IIn. We used the reciprocal statistical uncertainties
of the experimental rotational constants as specific weights for
each rotational constant. We exclusively employed a Mathematica
program MolStruct*'> during this study for the LSRs.

Upon constraining diverse sets of internal coordinates to their
cc-pVTZ CCSD(T) equilibrium values and then performing LSR
on the rest, we were always able to achieve facile convergence
in the fit for Gly-Ip, in the final run with a root-mean-square
(rms) deviation of only 7.8 kHz. The situation was more difficult
for the LSR of Gly-IIn, but after careful selection of structural
constraints we were able to achieve convergence with an rms
error of only 51.6 kHz even for this conformer. The assumption
of a planar Gly-IIp structure led to a large deterioration of the
fit. More detailed description of the weighted least-squares
refinement procedures and results for Gly-Ip, Gly-IIp, and
Gly-IIn are given in the following section.

Results and Discussion

Owing to sizable vibrational averaging effects, the directly com-
puted ab initio equilibrium Born-Oppenheimer rotational con-
stants (Ae, Be, Ce) may deviate substantially from the experimen-

*MolStruct is an abstract program developed by Allen, W. D. for use
within Mathematica (Wolfram Research Inc., Champaign, Illinois) to
perform diverse fits of molecular structures to sets of isotopologic rota-
tional constants.
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tally measured ground-state ones (Ag, Bg, Cp). To wit, the all-
electron 6-31G* MP2 and cc-pVTZ CCSD(T) equilibrium rota-
tional constants of Gly-Ip and Gly-IIn (Table2) display differen-
ces as large as 113 MHz from the experimental rotational con-
stants. The corrections for vibrational averaging computed from
the all-electron 6-31G* MP2 anharmonic force field, amounting
to 0.7-1.1% of the equilibrium rotational constants for the par-
ent isotopologue, reduce the deviations from experiment by an
order of magnitude, in accord with the good accuracy usually
observed!> 19203153 for theoretical vibration—rotation interaction
(a;) constants. As mentioned earlier, standard VPT2 computa-
tions of «; constants do not give special consideration to large-
amplitude motions in double-well potentials, as encountered here
for Gly-II. For most of the modes in Gly-II, the use of «; con-
stants to account for zero-point vibrational averaging should be
satisfactory. The overall success of the entire set of «; constants
in bringing the experimental and theoretical rotational constants
into accord is a test of the efficacy of the VPT2 approach under
problematic conditions.

The computed differences between the vibrationally-averaged
rotational constants of the parent isotopologue and those of the
substituted ones of Gly-Ip, as reported in Table3, reproduce
remarkably well the experimentally measured differences. The
situation is not so clear for Gly-IIn (Table4). McGlone et al’
reported 12 sets of effective rotational constants for Gly-IIn iso-
topologues. For 10 of these the agreement is about as good for
Gly-II as for Gly-Ip. However, for the substitutions [OH,NDH]
and [OD,NDH] relatively large discrepancies are observed
between the computed and measured rotational constant shifts.
These disparities are related to the inability to measure the rota-
tional constants corresponding to the individual isotopomers
NDH/NHD. The effective rotational constants determined by

DOI 10.1002/jcc
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Table 3. Theoretical and Experimental (in brackets) Isotopic Shifts of the Vibrationally Averaged Rotational
and the A-Reduced Quartic Centrifugal Distortion Constants of Isotopologues of Gly-Ip.*

Parent BC) Be) C(1)-d, N MAD"
Ao (MHz) 10149.4 [10341.5] —0.6 [—0.6] —112.8 [—114.4] —999.2 [—1023.1] —0.1 [-0.1] 6.4
By (MHz) 3862.2 [3876.2] —7.1 [-7.0] —17.0 [-17.1] —77.5 [-76.9] —113.5 [-113.7] 0.3
Co (MHz) 2890.5 [2912.4] —4.0 [—4.0] —18.8 [—18.6] —80.2 [—80.0] —64.0 [—64.7] 0.3
Dy (kHz) 0.7629 [0.7434] —0.0020 [—0.007] —0.0091 [—0.10] —0.0097 [—0.007] —0.0355 [+0.45]
Dix (kHz) 3.4513 [3.986] +0.0044 [+0.07] —0.2429 [—0.0] —1.4293 [—1.5] —0.0599 [—0.9]
Dy (kHz) 3.5700 [0]° +0.0195 [d] —0.1427 [d] —1.1960 [0]° 0.0946 [0]°
d; (kHz) —0.1853 [—0.1901] +0.0007 [+0.002] —0.0014 [—0.03] +0.0017 [+0.006] +0.0121 [—0.22]
d, (kHz) —0.0173 [—0.0158] +0.0000 [—0.004] —0.0003 [0]° +0.0255 [+0.022] 0.0010 [0]°

*Values obtained at the 6-31G* MP2 (AE) level of theory. Shifts in the rotational constants of the isotopologues are
given relative to the absolute values listed for the parent. Measured effective quantities from Ref. 3 are given, for the
ease of visualization, in brackets; see Table 1 therein for uncertainties. All theoretical rotational constants include 6-
31G* MP2 (AE) zero-point vibrational corrections (see Table 2). See Figure 1 for numbering of the atoms. Points of

significant disparity between theory and experiment are printed in boldface.
®Mean absolute difference between theoretical and experimental isotopic shifts for the rotational constants.

“Absolute quantities were constrained to zero.

dAbsolute theory [expt.] Dk quantities are 3.59 [4.8] for 13C(3) and 3.43[11.0] for *C(1).

McGlone et al.’ correspond to neither isotopomer of this C;-
symmetry conformer but to a vibrational average. When these
rotational constants were included in the set of experimental
observables, unacceptably large fitting errors resulted. The
anomalous rotational constants of [OH,NDH] and [OD,NDH]
were therefore not employed in the final structural fits here.

For both Gly-Ip and Gly-IIn changes in the isotopically sub-
stituted quartic centrifugal distortion constants presented in
Tables 3 and 4, respectively, mostly support the data of Godfrey
and Brown.® The discrepancies highlighted in Tables 3 and 4
are probably due to both the limited number of lines observed
for some of the isotopologues and the effective nature of the ex-
perimental constants.

Least-Squares Refinement for Gly-Ip

Although the isotopologic rotational constant data for Gly-Ip are
extensive, they are clearly insufficient to give a well-defined
structure without the imposition of constraints. There are 15
structural degrees of freedom for planar Gly-Ip, and 15 empiri-
cal rotational constants in the experimental data set.

Having all-electron cc-pVTZ CCSD(T) optimum structural
parameters, we are in a position to impose realistic and reliable
constraints on the structural refinement of Gly-Ip, as specified in
Table5. With all parameters fixed, the variables that are best
determined from the input rotational constants are identified on
the basis of the least-squares Hessian. Candidates for constraint
release are relaxed one by one, and new determinants of the
least-squares Hessian are evaluated. Using this automatic proce-
dure to predict the parameters to be optimized, we found that it
is best to start the fitting procedure with the four heavy-atom
distances relaxed while keeping the rest of the internal coordi-
nates fixed at their cc-pVTZ CCSD(T) optimum values. Some-
what to our surprise, the corrected empirical rotational constants
can be fit quite well this way; the weighted rms error is 0.216
MHz and no residual is over 2 MHz. The corresponding results
are listed under r.(Fit 1) in Table6.
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The structure of Gly-Ip can be improved by performing addi-
tional fits with further relaxation of constraints. More variables
are selected and released using the procedure outlined earlier. In
the end, only four structural constraints are required, as listed in
Table 5. Of these constraints, 7(O—H) and 6(C—O—H) are not
well defined by the data, which is not surprising since no deute-
rium substitution information is available for the hydroxyl
group. Similarly, no rotational constants are available for the
NHD and ND, substitutions; therefore A(NH, scissor) and
O(NH, wag) are not defined well by the data and need to be con-
strained as well. The #(N—H) bond length was released because
it led to a small decrease in the rms error.

Results from the final structural refinement for Gly-Ip are
presented in Table 6 as r.(Fit 2). Deviations between the fitted
empirical and all-electron cc-pVTZ CCSD(T) B9 structures of
Gly-Ip are comfortably small. For bond lengths, the largest dif-
ference is 0.006 A for the N—H bond, which is due to the lim-
ited data available to fit this variable, as noted earlier. The value
of 6(C—C—O0) in Fit 2 differs form the cc-pVTZ CCSD(T)
value by 0.5°, while deviations for the other angles are consider-
ably smaller. This verifies the generally accepted predictive
power of structure optimizations at high levels of electronic
structure theory.

There are significant discrepancies between the /% parameters
derived from gas-phase electron diffraction (GED) data* and our
fitted r. parameters (Table 6). Considerable problems with this
GED investigation have been addressed previously by Csaszar’
and are not elaborated on further here.

Barrier to Planarity of Gly-IIn

Before the structural refinement of the second lowest-lying con-
former of glycine, Gly-IIn, we determined the energy difference
between Gly-IIp and Gly-IIn using the technique of focal-point
analysis (FPA).>** The FPA valence-only increments are listed
in Table 1. Because the basis set extrapolations are converged
well (within 2 cm™!), the error bars for the barrier to planarity
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Table 5. Structural Constraints Employed in the Final Structural Fits for
Gly-Ip and Gly-IIn."

Gly-Ip Gly-IIn

1. (O—H) = 0.9660

2. 9(C—O0—H) = 106.04°
3. O(NH, scissor) = 104.98°
4. v(NH, wag)® = 57.67°

1. AC—H) = —0.000189
2. Af(N—H) = —0.00170

3. AO(CH, rock)® = 0.116°
4. AO(CH, twist)® = 0.0642°
5. 7(HNCC av)® = 5.43°

Units are A for distances (r) and degrees for bond (0), torsional (7), and
out-of-plane (y) angles.

b'y(NH2 wag) = bending angle of C;—N, out of N,HoH;, plane;
AO(CH, rock) = 6(8,1,2) + 6(8,1,3) — 6(7,1,2) — 6(7,1,3); AG(CH, twist)
= 6(8,1,2) — 6(8,1,3) — 6(7,1,2) + 6(7,1,3); 7(HNCC av) = 7(10,2,1,3)
+ 7(9,2,1,3). See Figure 1 for atom numbering.

are determined from the less converged extrapolation of the cor-
relation effects. The correlation energy increments at the com-
plete basis set (CBS) limit at the MP2, CCSD, and CCSD(T)
levels change as —46 cmfl, +15 cmfl, and —9 cmfl, respec-
tively. Following this behavior, we estimate the uncertainty for
the barrier to planarity resulting from neglect of higher-order
excitations to be +5 cm™'. The results of Table 1 show defini-
tively that at equilibrium Gly-II is nonplanar. After including
core-correlation shifts (—2.07 cm™!), our best estimate for the
classical barrier to planarity for the equilibrium structure of
Gly-TIn is 20.5 = 5.0 cm™ ..

Zero-point vibrational effects on the barrier to planarity of
Gly-IIn are complicated and cannot be accounted for by a sim-
ple one-dimensional model. The lowest vibrational frequencies
of Gly-IIn and Gly-Ilp are (104, 287) cm™' and (102i,
228) cm™ !, respectively, at the 6-31G* MP2 level of theory. In
each structure, both modes involve strong mixtures of

Table 6. Structural Parameters of Gly-Ip.”

N—C—C—O backbone torsional motion with internal rotation
of the NH, group about the N—C bond. Only one other fre-
quency lies below 500 cm ™!, corresponding to a bending defor-
mation of the N—C—C—O backbone. This third vibration, at
341 and 346 cm™' for Gly-IIn and Gly-Ilp, respectively
(6-31G* MP2), is of ' symmetry in the planar structure and is
thus uncoupled to the two lowest-frequency modes. If the har-
monic ZPVE of the 22 highest-frequency vibrations is consid-
ered, the effect on the barrier to planarity is only —7 cm™',
owing to a cancellation of several more sizable contributions. If
the second lowest frequency [vp3(a”)] is included, the ZPVE
shift is —37 cm™", which would cancel out the 20.5 cm™" classi-
cal barrier. However, adding v,; into the ZPVE computation is
not well justified because its similarity in time scale and strong
coupling to v, vitiates a sudden/adiabatic separation of the two
lowest frequency modes of Gly-II. An adequate description of
Gly-II would require at least a two-dimensional dynamical
model involving a nonplanar minimum, an effective barrier to
planarity less than 20 cm ™', and a ground vibrational state that
surely surmounts this barrier.

Least-Squares Refinement for Gly-1In

As a starting point, we attempted to reproduce the structural
parameters from a least-squares fit reported by McGlone et al.,
by performing an unconstrained LSR of a planar structure with
no vibrational corrections to the rotational constants. All 12 iso-
topologues were used in the fit, which is designated as ry(Fit A)
in Table7. The parameters ro(C—N), ro(C=0), ro(C—0),
ro(O—H), ro(C—H av), 6,(C—O—H), and 6o(C—C—O) are
identical to the number of digits reported in ref. 5. Among the
other structural parameters, the largest differences are 0.018 A
and 1.2° for the ro(C—C) bond length and the 6y(CH, scissor)
angle, respectively. These deviations are still well within the

Expt.” r, Expt.c 10 cc-pVTZ CCSD(T) re(Fit 1) re(Fit 2)° Final

H(C—N) 1.468 1.466(6) 1.446 1.448(4) 1.441(1)
H(C—C) 1.485 1.529(4) 1.511 1.514(2) 1.511(1)
H(C=0) - 1.204(1) 1.204 1.203(1) 1.2072)
HC—0) - 1.354(2) 1.349 1.347(4) 1.353(1)
H(C—H) 1.082 1.081 1.088 - 1.0907(2)
r(N—H) - 1.001 1.012 - 1.0065(2)
6(C—C—O0) - 111.5(2) 111.4 - 111.9(1)
6(0—C—0) - 123.5(5) 123.1 - 123.2(1)
6(C—C—N) 115.1 113.0(3) 115.2 - 115.4(1)
6(CH, scissor) 106.2 - 105.9 - 105.95(3)
6(CH, wag) 6.1 - 5.1 - 5.4(1)
rms residual(kHz) 216 7.8

*Units are A for distances () and degrees for bond angles (6). Standard errors of the weighted least-squares
fit are given in parentheses. The weights in the fits to the experimental rotational constants are set to the re-

ciprocal uncertainties.

"Derived from Kraitchman coordinates reported in Ref. 3.

‘Ref. 4. See also Ref. 5.

9Fit 1 releases (C—N), r(C—C), (C=0), and (C—O) only.

°Fit 2 imposes the constraints listed in Table 5.
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Table 7. Structural Parameters of Gly-IIn."

Expt.” r, Expt.€ ro cc-pVTZ CCSD(T) ro(Fit A)? ro(Fit B)® ro(Fit 1)f ro(Fit 2)f ro(Fit 3)" Final

HC—C) 1.545 1.52(3) 1.524 1.538(16) 1.540(7) 1.522(6) 1.525(1) 1.524(2)
HC—N) 1.459 1.46(3) 1.463 1.461(30) 1.460(11) 1.466(6) 1.462(2) 1.462(2)
+(C=0) 1.228 1.21(2) 1.201 1.210(16) 1.210(6) 1.197(5) 1.201(1) 1.202(2)
HC—0) 1.291 1.33(4) 1337 1.329(22) 1.326(9) 1.340(7) 1.333(1) 1.333(2)
HO—H) 0.993 0.98(2) 0.977 0.976(17) 0.999(8) 0.996(7) 0.991(1) 0.992(2)
HC—H av) 1.098 1.10(2) 1.087 1.099(7) 1.100(3) 1.084(3) 1.084(1) 1.084(1)
r(N—H av) 1.000 1.01(2) 1.009 1.004(20) 1.003(8) 1.013(2) 1.012(2) 1.014(3)
6(C—O—H) 104.8 105(1) 104.4 104.8(9) 104.8(4) 104.9(3) 105.2(1) 105.2(1)
6(C—C—O0) 116.1 1152) 113.8 115.0(11) 114.9(4) 114.0(4) 114.2(1) 114.3(1)
6(0—C—0) - - 123.5 123.8(17) 124.0(7) 122.9(6) 123.4(1) 123.3(2)
#(C—C—N) 110.6 112.2 1112 111.4(12) 111.4(5) 111.3(3) 111.3(2) 111.4(2)
6(CH, scissor) 107.4 1072) 107.3 108.2(10) 108.3(4) 106.4(4) 106.6(2) 106.7(2)
AO(CH, wag)® - - 10.4 10.9(33) 10.8(13) 8.7(10) 7.92) 8.0(4)
H(NH, scissor) 1125 110(3) 107.2 111.2(33) 110.9(13) 105.9(5) 107.0(7) 107.0(11)
7(NCCO) - - 12.8 - - 12.3(15) 12.1(13) 11.2(19)
7(CCOH) - - -23 - - —2.9(37) —3.4(15) —2.5(19)
~(NH, wag)® - - 525 43.7(331) 43.7(127) - 48.4(15) 48.5(23)
AO(NH, rock)? - - 0.4 - - - 7.2(10) 8.0(17)
+(COOH wag)&" - - -13 - - - - 0.12(286)
rms residual(kHz) 724 437 303 52.9 51.6

Units are A for distances (r) and degrees for bond (6), torsional (7), and out-of-plane () angles. Standard errors of
the weighted least-squares refinement are given in parentheses. The weights in the fits to the experimental rotational
constants are set to the reciprocal uncertainties.

"Substitution structure from Ref. 5.

Structure from an unconstrained least-squares fit from Ref. 5.

9Planar r, structure with all 12 isotopologues included in the fit; no constraints other than those which define planar-
ity were imposed.

°Planar rq structure with [OH,NDH] and [OD,NDH] isotopologues excluded from the fit; no constraints other than
those which define planarity were imposed.

fNonplanar re structure with [OH,NDH] and [OD,NDH] isotopologues excluded from the fits; Fits 1 and 2 impose
the constraints listed in Table 5 and, in addition, [y(NH, wag), AO(NH, rock), v(COOH wag)] and [v(COOH wag)],
respectively. Fit 3 imposes only the constraints listed in Table 5.

eAO(CH, wag) = 60(8,1,2) — 6(8,1,3) + 6(7,1,2) — 6(7,1,3); v(NH, wag) = bending angle of C;—N, out of
N,H,oHy plane; AO(NH, rock) = 6(1,2,10) — 0(1,2,9); v(COOH wag) = bending angle of C;—Cj out of C3050,
plane. See Figure 1 for atom numbering.

hA positive displacement occurs when the C; atom moves towards the viewer who sees the atoms 1,4,5 in a counter-
clockwise order.

uncertainties of the two sets of data, and the small differences
are due to slightly different LSR procedures. In particular, we
performed the LSR directly on the residuals of the moments of
inertia, whereas the fit in ref. 5 was to the differences between
the rotational constants of each isotopologue and those of the
parent. It must be emphasized that the rms residual for ry(Fit A)
is substantial, 0.724 MHz, and the uncertainties are as large as
0.03 A [((C—N)] and 33° [y(NH, wag)]. When isotopologues
for the [OH,NDH] and [OD,NDH] substitutions are excluded, as
in ro(Fit B) of Table 7, the rms residual decreases to 0.438 MHz.
A significant decrease also occurs in the uncertainties of the indi-
vidual structural parameters, with standard errors in ro(Fit B) less
than half of those of ry(Fit A). These observations contributed to
the decision to exclude the [OH,NDH] and [OD,NDH] isotopo-
logues in all subsequent least-squares refinements.

For our r, fits, we used the all-electron 6-31G* MP2 vibra-
tional corrections with the Gly-II empirical rotational constants.

Journal of Computational Chemistry

The total zero-point vibrational (ZPV) corrections for Gly-Ip,
Gly-IIp, and Gly-IIn are listed in Tables 8 and9. It is important to
note the significant difference in ZPV corrections for Gly-IIp and
Gly-IIn. Because the experimental rotational constants corre-
spond to a vibrationally averaged planar structure,> we attempted
to perform a LSR on planar Gly-II. The Gly-IIp cc-pVTZ
CCSD(T) equilibrium structure and Gly-IIp 6-31G* MP2 vibra-
tional corrections were employed in conjunction with the set of
empirical rotational constants available for Gly-II. The rms resid-
ual (0.598 MHz) for this unconstrained fit of the planar Gly-IIp
structure was 37% larger than in ry(Fit B) and could not be
reduced further. If instead the zero-point vibrational corrections
from the nonplanar Gly-IIn cubic force field are used with experi-
mental rotational constants in a planar fit, the rms residual is even
larger, 2.25 MHz. We conclude that a satisfactory fit cannot be
obtained unless the structure of Gly-II is allowed to be nonplanar
and Gly-IIn vibrational corrections are adopted.
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Table 8. Zero-Point Vibrational Corrections (in MHz) to Rotational
Constants of Gly-Ip Isotopologues Obtained at the All-Electron 6-31G*
MP?2 Level.

Ae_AO B e_B 0 Ce_CO
Parent 78.67 31.30 22.33
Bea) 77.80 30.95 22.06
Bem 76.73 30.95 21.92
C(1)-d, 69.84 31.21 21.48
BN 78.76 30.13 21.71

Gly-IIn has C; point-group symmetry and thus considerably
more structural parameters than Gly-IIp, 24 vs. 15. To determine
candidates for constraint release, the same procedure based on
determinants of the least-squares Hessian was used as for
Gly-Ip. Releasing variables one by one, we obtained the prelimi-
nary fit designated as r.(Fit 1) in Table 7. The standard errors
for the parameters in r.(Fit 1) are reduced compared to those in
ro(Fit A) and ro(Fit B), and the rms residual decreased to 0.303
MHz. Remarkably, the variables for r.(Fit 1) differ from the all-
electron cc-pVTZ CCSD(T) structural parameters by at most
0.004 A for bond lengths and 1.7° for angles, with the exception
of r(O—H), where the difference is 0.019 A.

The statistical uncertainties and rms deviations can be further
reduced by releasing two more parameters, y(NH, wag) and
AO(NH, rock), giving r.(Fit 2) in Table 7. The uncertainties of
re(Fit 2) are less than 0.002 A for bond lengths and 1° for va-
lence bond angles. The uncertainties are larger for the torsional

and out-of-plane angles, but still less than 1.5°. This represents a
huge improvement in the uncertainties for the out-of-plane NH,
wag, which were 33° and 13° in ro(Fit A) and ro(Fit B), respec-
tively. The standard errors of r.(Fit 2) are the smallest of all
LSR procedures of Gly-IIn, and the rms residual (52.9 kHz)
is drastically smaller than those for ro(Fit A), ro(Fit B), and
re(Fit 1).

Finally, we released the angle (COOH wag) to obtain
re(Fit 3) in Table 7. The rms residual of r.(Fit 3) diminished to
51.6 kHz, but the uncertainties increased slightly for Fit 3 as
compared to Fit 2. Inspecting determinants of the least-squares
Hessian shows that no other parameters are determined well
enough by the experimental data to be released, and r(Fit 3) is
thus our final fit for Gly-IIn. The all-electron cc-pVTZ CCSD(T)
constraints involved in r.(Fit 3) are listed in Table 5. Because
the experimental dataset does not contain distinct NHD and
CHD monodeuterated isotopologues, the differences Ar(N—H) =
r(N,—H;9) — r(N;—Ho) and Ar(C—H) = r(C,—Hg) -
r(C;—H;) are not well determined from the experimental data
and therefore have been constrained.

As seen in Table 7, deviations between the empirically based
equilibrium bond lengths of r.(Fit 3) and the all-electron
cc-pVTZ CCSD(T) distances are smaller than (or equal to)
0.005 A, except for 7(O—H), where the deviation is 0.015 A.
For the angles, the situation is somewhat more complicated. It is
comforting that the deviations between r.(Fit 3) and cc-pVTZ
CCSD(T) for the valence bending angles 6(C—O—H),
#(C—C—0), (0—C—0), §(C—C—N), O(CH, scissor), and
O(NH, scissor) are all smaller than 0.8°. For AG(CH, wag) and
AO(NH, rock) the disparities are 2.4° and 7.6°, respectively.
This is not surprising since the fit did not include monodeuter-

Table 9. Zero-Point Vibrational Corrections (in MHz) to Rotational Constants of Gly-IIp and Gly-IIn

Isotopologues Obtained at the All-Electron 6-31G* MP2 Level.

Gly-IIp® Gly-IIn

Ae_AO Be_BO Ce_CO Ae_AO Be_BO Ce_CO
Parent 95.88 22.47 21.11 65.73 33.87 32.36
BN 95.75 21.81 20.56 64.97 32.96 31.61
Bc@3) 93.99 22.25 20.85 65.01 33.20 31.95
Bey 95.02 22.14 20.84 64.85 33.58 32.08
c="20 95.45 20.85 19.98 63.60 32.05 30.81
H-"80 87.02 22.54 20.67 60.90 33.64 31.45
OD, NH, 92.21 22.87 21.07 60.07 33.68 31.38
CD, 84.62 22.17 20.36 64.79 31.35 30.45
OH, NH(10)D(9) 93.97 20.29 19.43 51.14 35.92 34.15
OH, NH(9)D(10) 93.97 20.29 19.43 78.05 28.39 26.96
OH, ND, 89.41 19.44 18.90 63.77 30.70 29.00
OD, NH(10)D(9) 89.81 20.67 19.36 46.80 35.51 33.05
OD, NH(9)D(10) 89.81 20.67 19.36 70.77 28.35 26.23
OD, ND, 85.18 19.80 18.82 57.90 30.44 28.14

In order to mimic a zero-point averaged planar structure, VPT2 was applied to the Gly-IIp cubic force field with a
mass-weighted Cartesian quadratic force constant matrix modified to be positive definite by performing a spectral
decomposition in terms of the normal-mode eigenvectors and changing the sign of the v,4(a”) eigenvalue from nega-

tive to positive.

Journal of Computational Chemistry

DOI 10.1002/jcc



1382 Kasalovd et al. * Vol. 28, No. 8 * Journal of Computational Chemistry

ated CHD and NHD isotopologues. A substantial difference of
4.0° is also found for v(NH, wag), which measures the extent of
pyramidalization of the amine group. Despite these issues, the
central measures of nonplanarity of Gly-IIn, 7(NCCO) = (11.2 =
1.9)°, and 7(CCOH) = (—2.5 = 1.9)° are in striking agreement
with the corresponding cc-pVTZ CCSD(T) angles of 12.8° and
—2.3°, respectively. Even the empirical estimate of (COOH
wag) = (0.12 £ 2.86)° is consistent with the CCSD(T) value of
—1.3°. In summary, our analysis clearly shows that the experi-
mentally observed rotational constants of Gly-II do support an
59 structure of C, point-group symmetry.

Conclusions

Through the joint use of accurate computational and spectro-
scopic structural information, this study provides the most rigor-
ous equilibrium structures to date of the two lowest-energy con-
formers of free glycine. It has been established that while the
lowest-energy conformer of neutral glycine, Gly-Ip, has a planar
equilibrium structure, the second lowest-energy conformer,
Gly-IIn, has a nonplanar r, structure. A definitive Gly-IIn barrier
to planarity of 20.5 + 5.0 cm™' has been obtained through high-
level ab initio computations with focal-point extrapolations.
While the ground vibrational state of Gly-IIn surely surmounts
this classical barrier, we find clear evidence of an underlying non-
planar equilibrium structure in the observed rotational constants.
Remarkably, the central measures of nonplanarity of Gly-IIn,
T(NCCO) = (—11.2 £ 1.9)° and 7(CCOH) = (—2.5 = 1.9)°, are
in accord with the cc-pVTZ CCSD(T) predictions to within the
standard error of the r. fit. The high-precision equilibrium struc-
ture of glycine determined here and that of proline determined in
ref. 15 show clear differences in bonding in these amino acids,
e.g., re(C—N) in Pro-I is longer by 0.032 A than in Gly-Ip.

The use of high-resolution experimental rotational constants
and theoretical vibration—rotation interaction constants to deter-
mine accurate 7, structures has a history of notable successes
from several pioneering investigators,'>!16:19:203043a.51-60 Ay
excellent demonstration of the power of this approach is the
work in 2001 of Bak et al.'® on 19 small, closed-shell molecules
containing first-row atoms. Our ongoing investigations on the
equilibrium structures of amino acids in the gas phase, now
including both the glycine and proline15 prototypes, are pushing
this methodology into the realm of much more complex and
flexible molecules. The Gly-Ip isomer is an unqualified success
in this endeavor. Even in the problematic Gly-II case, the key
measures of nonplanarity appear to be extracted successfully by
the VPT2 «; approach. However, new experimental analyses of
the microwave spectra of the asymmetric NHD isotopologues of
Gly-IIn and more sophisticated theoretical treatments to better
account for large-amplitude motions of this species in a double-
well potential should prove instructive.
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