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error. The following gives the choices made for the BDEs.

CH. The CH BDE:s of several molecules have been deter-
mined.” However, Me,Si—-CH,"! (BDE of 99.2 kcal/mol) is the
most similar to the present systems. Therefore, the value of 99
kcal/mol is used for all CH BDEs.

SiH. The closest analogue to the systems of interest is the
H,Si-SiH; molecule, which has a BDE of 86.3 kcal/mol.”' The
value of 86 kcal/mol is used for all SiH BDEs.

GeH. The BDE of Ge—H for CH,GeH is 83 kcal/mol.”> The
BDE for GeH, is given as 847 and 8972 kcal/mol by different

(70) See, for instance: (a) Benson, S. W.; O'Neal, H. E. Kinetic Data on
Gas Phase Unimolecular Reactions; NSRDS-NMD 21; U.S. Department of
Commerce, National Bureau of Standards; U.S. GPO: Washington, DC, Feb.
1970. (b) Shum, L. G. S.; Benson, S. W. Int. J. Chem. Kinet. 1988, 17,
277-292,

(71) Walsh, R. Acc. Chem. Res. 1981, 14, 246-252.

(72) Austin, E. R.; Lampe, F. W. J. Phys. Chem. 1977, 81, 15461549,

experimental researchers. Also, a theoretical value of 84.8
kcal/mol has been determined by Binning and Curtiss.” The
BDE for Me;GeH has been determined to be 82 kcal/mol. The
value of 82 kcal/mol is chosen for all Ge-H BDEs except for that
of CH;GeH,, since the electronegativity of Si, Ge, and Sn should
have similar effects as that of the bulky methyl groups of Me,GeH.

SnH, The BDE of SnH, is 71.6 kcal/mol.”® The value for
Me;Sn—H"6"" and Bu,Sn—H"® is 74 kcal/mol. Therefore, the value
of 74 kcal/mol is used for all Sn—-H BDEs.

(73) Noble, P. N.; Walsh, R. Int. J. Chem. Kinet. 1983, 15, 547-560.

(74) Binning, R. C; Curtiss, L. A. J. Chem. Phys. 1990, 92, 1860-1864.

(75) Ruscic, B.; Swarz, M.; Berkowitz, J. J. Chem. Phys. 1990, 92,
1865-1875.

(76) Jackson, R. A. J. Organomet. Chem. 1979, 166, 17-19.

(77) Griller, D.; Kanabus-Kaminska, J. M.; Maccoll, A. J. Mol. Struct.
(Theochem) 1988, 163, 125-131.

(78) Burkey, T. J.; Majewski, M.; Griller, D. J. Am. Chem. Soc. 1986, 108,
2218-2221.
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Abstract: Correlated level ab initio calculations (large basis set MP2, and MP4, CCSD, and CCSD(T) computations) have
been performed for 13 conformers of neutral glycine, including all 8 possible conformers with planar heavy-atom arrangements.
These calculations resulted in accurate geometric structures, relative energies, harmonic vibrational frequencies, and infrared
intensities for all conformers. The structural results obtained support the rotational constants measured for the two lowest-energy
forms of glycine, and their high accuracy should be profitable in the search for other conformers by rotational spectroscopy.
Energetic, structural, and quadratic force field results indicate possible model improvements for an existing gas-phase elec-
tron-diffraction study of the lowest-energy conformer. Predictions, probably accurate to within about 100 cm™!, are made

for the order and relative energy of all conformers considered.

Introduction

The simplest amino acid, glycine, H,NCH,COOH, has three
internal rotational degrees of freedom (¢, ¥, and 8, associated with
bonds C-N, C-C, and C-O, respectively) in its neutral state, which
leads to eight rotational isomers of C, symmetry (see conformers
Ip-VIIIp in Figure 1, where p refers to planar heavy-atom ar-
rangement). In several of these rotamers intramolecular H-bonds,
of different strengths, are formed stabilizing that particular form.
On the other hand, steric strain and repulsion of lone electron pairs
on the N and O atoms in some of the planar forms have a de-
stabilizing effect that can be decreased by small torsional changes;
thus, some planar forms might not correspond to local energy
minima on the potential energy surface of glycine but rather to
saddle points. As a result, rotational isomers of C, symmetry
should also be considered in a conformational study of glycine
(these are designated with the letter n, referring to nonplanar
heavy-atom arrangement, in Figure 1). These conformational
changes, resulting from the balance of steric and H-bond effects,
are expected to be accompanied by very small changes in the total
energy of the system. Indeed, theoretical calculations performed
by Schifer,! Pople,’ and others®'2 all indicate that several glycine

(1) (a) Sellers, H. L.; Schifer, L. J. Am. Chem. Soc. 1978, 100, 7728. (b)
Schifer, L.; Sellers, H. L.; Lovas, F. J.; Suenram, R. D. J. Am. Chem. Soc.
1980, 102, 6566.

(2) Frey, R. F.; Coffin, J.; Newton, S. Q.; Ramek, M.; Cheng, V. K. W ;
Momany, F. A,; Schéfer, L. J. Am. Chem. Soc. 1992, 114, 5369.

(3) Siam, K.; Klimkowski, V. J.; Ewbank, J. D.; Van Alsenoy, C.; Schifer,
L. J. Mol. Struct. (THEOCHEM) 1984, 110, 171.

(4) (a) Ramek, M. Int. J. Quantum Chem., Quantum Biol. Symp. 1990,
17,45, (b) Ramek, M.; Cheng, V. K. W,; Frey, R. F.; Newton, S. Q.; Schifer,
L. J. Mol. Struct. (THEOCHEM) 1991, 235, 1.
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isomers have relative energies less than 1000 cm™ (the height of
the rotational barrier of ethane) and that nonplanar forms are
more stable for some low-energy isomers (specifically, for IT and
III of Figure 1) than the respective planar forms.

It is not surprising that prediction and/or reproduction of these
small energy differences pose(s) a serious challenge to compu-
tational chemistry. In their comparative study using classical,
semiempirical (extended Hiickel, PCILO, CNDO), and non-em-
pirical (STO-3G SCF) methods to map the rotational energy
surface of glycine Palla et al.’® conclude that “if one compares
numerical values of the relative depth of the potential holes and
of the rotational barriers [of glycine], the accordance among the
various methods vanishes almost completely”. In a recent study

(5) (a) Vishveshwara, S.; Pople, J. A. J. Am. Chem. Soc. 1977, 99, 2422,
(b) Tse, Y. C,; Newton, M. D.; Vishveshwara, S.; Pople, J. A. J. Am. Chem.
Soc. 1978, 100, 4329,

(6) Wright, L. R.; Borkman, R. F. J. Am. Chem. Soc. 1980, 102, 6207.

(7) (a) Palla, P.; Petrongolo, C.; Tomasi, J. J. Phys. Chem. 1980, 84, 435.
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2, 266.
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3118. (b) Oegerle, W. R.; Sabin, J. R. J. Mol. Struct. 1973, 15, 131. (c)
Chung, K.; Hedges, R. M.; Macfarlane, R. D. J. Am. Chem. Soc. 1976, 98,
7523, (d) Kier, L. B.; George, J. M. Theor. Chim. Acta 1969, 14, 258.

(11) Jensen, J. H.; Gordon, M. S. J. Am. Chem. Soc. 1991, 113, 7917.
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114, 6834,
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Figur.e 1. Conformers of glycine considered in this study and their
numbering.

Jensen and Gordon!! also conclude that the potential energy
surface of glycine is “not well reproduced by STO-2G, AM1, or
PM3 [methods], since the former predicts too many, and the two
latter too few, minima”. The detailed studies of Schifer and
co-workers!™ show that at the self-consistent-field (SCF), re-
stricted Hartree-Fock (RHF) level, which is the only ab initio
level that could be afforded, at present, for conformational studies
of peptides up to about 60-70 atoms, disconcertedly large fluc-
tuations can be observed in the relative energies of the different
conformers and in several cases choice of the basis set affects
whether a planar configuration corresponds to a saddle point or
a local energy minimum on the potential energy surface. (Note,
however, that the basis sets used by Schifer are all rather small
by today’s standards but represent likely choices for calculations
on oligopeptides.) To our best knowledge, correlated level cal-
culations on the conformers of glycine are rather limited: (a)
Dykstra et al.® used their SCEP method to calculate the energy
difference between conformers Ip and IIp and showed that electron
correlation stabilizes conformer IIp substantially more than it does
Ip; (b) Ramek, Schifer, and their co-workers,>* based on 6-
311G** MP2 and SCF geometry optimizations for conformers
Ip, IIp, and IIn, concluded that geometries optimized at the SCF
level sometimes display torsional angles which lead to incorrect
estimates of nonbonded interactions, and thus “geometry opti-
mization at the correlated level can have a significant effect on
calculated [relative] energies”, and that “SCF conformational
energy maps [for single amino acids and peptide analogs] are
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intrinsically inaccurate”; thus, they recommend correlated level
calculations both for geometry optimization and for single-point
energy calculations for this class of compounds; (c) Jensen and
Gordon!! performed 6-31G* MP2 energy calculations for several
glycine conformers whose geometries were optimized at the 6-
31G* SCF level and erroneously concluded, based on their un-
fortunate choice of theoretical methods, that “correlation appears
to have little effect on the relative energies [of glycine conform-
ers]”. The obvious lack of high-quality theoretical data on the
conformers of gaseous glycine prompted the present study since
it is expected (and was shown, for example, in the case of the
inversion barrier height of cyclopentene!®) that correlated level
calculations with extended basis sets are necessary to converge
theoretical results and obtain accurate quantum chemical pre-
dictions. In this paper we report for the first time high-level
correlated calculations employing extended basis sets for all major
conformers of glycine in the hope that the theoretical methods
employed finally reached the level where quantitatively correct
results are expected. For large systems of biological interest
conformational studies can only be performed at much lower levels
of theory than employed here; therefore a check of their reliability
is of extreme importance. The benchmark results presented in
this paper should serve this purpose as well.

Although glycine is known to exist as a zwitterion in the
crystalline state and in solution (stabilized by strong electrostatic
and polarization interactions with its environment), entry level
ab initio®®6712 and semiempirical’®!? calculations suggest the
energy difference between the two forms to be in the order of
30-100 kcal/mol, with the neutral species being more stable. The
large differences among the calculated values warrant a more
detailed, high-level theoretical investigation, but that is not the
object of the present study. The important result for the present
study is that glycine exists in its neutral form in the gas phase
(this is supported, of course, by experimental studies, see, e.g.,
refs 14-17), so calculations can and are limited in this study to
neutral glycine conformers.

Due to the simplicity of its structure glycine has been the subject
of several experimental'4"7 structural studies. Rotational constants
were deduced from microwave investigations!4!* for two forms
of glycine, probably of lowest energies among its conformers, while
the complete molecular structure of the lowest energy form of
glycine in the gas phase was determined from a joint analysis of
electron diffraction data and rotational constants.'® X-ray and
neutron diffraction structural studies of the glycine crystal have
also been reported!” but are considered to be not relevant for the
present study.

Computational Details

After some preliminary studies employing basis sets of different size
two basis sets have been selected for this study. The smaller one is the
6-3114++G** basis of Pople et al.,'® it contains 145 contracted Gaussian
functions (CGFs) for glycine and will be designated as Bl. (The need
for including diffuse functions in the basis set for calculations on hy-
drogen-bonded systems has long been recognized.'®) The core part of
the larger basis set, designated as B2, was constructed from the 13s8p
primitives of Partridge!® according to (6,3,1,1,1,1) and (4,1,1,1,1)
schemes for the s and p functions, respectively, of the C, N, and O atoms
and by a (6s/4s) contraction of the unscaled exponents of Huzinaga®

(14) (a) Brown, R. D.; Godfrey, P. D.; Storey, J. W. V,; Bassez, M. P. J.
Chem. Soc., Chem. Commun. 1978, 547. (b) Brown, R. D.; Godfrey, P. D.;
Storey, J. W. V.; Bassez, M. P.; Robinson, B. J.; Batchelor, R. A.; McCulloch,
M. G.; Rydbeck, O. E. H.; Hjalmarson, A. G. Mon. Not. R. Astron. Soc.
1979, 186, 5.

(15) (a) Suenram, R. D.; Lovas, F. J. J. Mol. Spectrosc. 1978, 72, 372.
(b) Suenram, R. D.; Lovas, F. J. J. Am. Chem. Soc. 1980, 102, 7180.

(16) lijima, K.; Tanaka, K.; Onuma, S. J. Mol. Struct. 1991, 246, 257.

(17) Almlaf, J.; Kvick, A.; Thomas, J. O. J. Chem. Phys. 1973, 59, 3901.

(18) (a) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem.
Phys. 1980, 72, 650. (b) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W ;
Schleyer, P. v. R. J. Comput. Chem. 1983, 4, 294. (c) Frisch, M. J.; Pople,
J. A; Binkley, J. S. J. Chem. Phys. 1984, 80, 3265. (d) Frisch, M. J.; Pople,
J. A,; Del Bene, J. E. J. Phys. Chem. 1985, 89, 3664.

(19) Partridge, H. Near Hartree-Fock Quality Gaussian Type Orbital
Basis Sets for the First- and Third-Row Atoms; NASA Technical Memo-
randum 101044,

(20) Allen, W. D,; Schaefer, H. F,, II1. J. Chem. Phys. 1988, 89, 329.
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Table I. Total Energies of Glycine Conformers®

method?’ Ip IIp IIn IIIp IIn IvVp IVn Vp Vn Vip Vilp VIilIlp  VIIIn
B1 SCF 921719 916122 916325 .918483 .918542 913754 .919018 912740 917373 .911208 .908070 .901948 .908 332

Bl MP2 787085 .786153 .786247 .784547 .784785 .779633 .785072 .778515 783580 .777994 .775989 .769260 .775795
Bl MP2(full) .883499 .882587 .882680 .880960 .881182 .876040 .881489 .874924 .879980 .874396 .872427 .865653 .872205

Bl MP3 797788 795838 .795973 .794896 .795163 .790195 .795625 .788934 .794020 .788956 .786205 .780080 .786653
B1 MP4 850071 .848921 .849022 .847615 .847855 .842640 .847980 .841558 .846590 .841320 .839044 .832663 .839039
Bl MP= 854121 852999 .853099 .851703 .851940 .846702 .852028 .845638 .850661 .845392 .843132 .836755 .843109
B1 CCSD 811719 .809611 .808974 .804 224 .803043 .802678 .800014 .793926

B1 CCSD(T) .844464 .843089 .841865 835630

B2 SCF 952342 946939 .947148 .948905 .948920 .944675 .949816 .943900 .947760 .943277 .940229 .934421 .940590
B2 MP2 009528 .008823 .008927 .006871 .006857 .002286 .007643 .001476 .005483 .001645 .000247 .993277 .999627

2 Results of this study only. All energies in hartrees. Numbers before the decimal point in the total energies were omitted (=282 in the SCF and
-283 in all MPn and CC cases except B2 MP2 (Ip—VIIp) where it is —284). ° All calculations were performed at the Bl (6-311++G**) MP2(full)
optimized geometries. In all post-SCF calculations the five lowest energy core orbitals and five highest energy virtual orbitals were kept frozen,
except in the B1 MP2(full) calculations where all orbitals were correlated. The Bl and B2 basis sets consist of 145 and 350 CGFs, respectively (for
details, see text). Correlation energies leading to MP« energies were obtained by the extrapolation formula E,,, = (E, + E;)/(1 - E4/E,), where
E, represents the nth-order correction to the electronic energy.?®

Table II. Relative Energies of Glycine Conformers®

method Ip™ IIp IIn™ IIp  HIn™ IVp IVn™ Vp A% Vip™  VIIp™ VIllp VIIIn™
Bl SCF 0.0 12284 1183.8 7102 6973 1748.1 5928 1970.7 953.8 23069 2995.6 4339.2 2938.1
Bl MP2 0.0 2045 1839 557.0 504.8 16355 441.8 1880.9 769.3 19952 24353 3912.1 24779
Bl MP2(full) 0.0 2002 179.7 5572 508.7 1637.1 444.1 18820 7723 19979 2430.5 3916.7 2478.7
Bl MP3 0.0 4280 3983 6347 576.1 1666.5 4747 1943.2 827.0 1938.4 2542.2 3886.5 24439
B1 MP4 0.0 2524 2302 539.0 4864 16309 4589 18684  764.0 1920.6 2420.1 3820.6 2421.2
Bl MP= 00  246.1 2244 5307 4787 1628.3 4594 1866.2  759.3 19158 24118 38114 24169
B1 CCSD 0.0  462.6 602.5 1645.0 1904.2 1984.3  2569.0 3905.1
B1 CCSD(T) 0.0 301.8 570.4 1938.8
B2 SCF 0.0 11858 11400 7543 751.0 1682.7 554.4 1852.8 1005.6 1989.5 2658.5 3933.2 2579.3
B2 MP2 0.0 154.7 1319 5831 586.2 1589.4 4137 17672 887.8 1730.1 20369 3566.7 2173.0

6-311G** SCF* 0.0 1128.5 1036.5
6-311G** MP2* 0.0 295.1 244.1

final predictions® 0 196 172 557 (560)¢ 1582 431 1752 878 1651 2013 3466 2112

2 All energies in cm™. The conformers which correspond to minima on the B1 MP2 potential energy surface of glycine are marked with the letter
m. For further details see footnote b to Table 1. ®From ref 4b, calculated at the respective optimized geometries. °The relative energy predictions
are based on B2 MP2 relative energies, adding to them, as corrections, the (B1 MP« — Bl MP2) values. It is rather uncertain what error limits
should be attached to these values, a somewhat conservative estimate would be 100 cm™! (probably smaller for the low-energy conformers). Note
that no zero-point vibrational energy (ZPVE) corrections have been added to obtain these values. ?1It is not obvious from the present calculations
whether IIIn corresponds to a minimum on the true potential energy surface of glycine; it seems, however, that it might not.

for hydrogen and was augmented by three sets of d and two sets of f
functions (3d2f) on C, N, and O atoms, by two sets of p and one set of
d functions (2p1d) on hydrogens, and by one set of diffuse functions on
each atom resulting in 350 CGFs. All polarization function exponents
were taken from Dunning,?! all diffuse function exponents were chosen
to be one-third of the lowest related exponents. All d and f sets of both
basis sets included only the five and seven true spherical harmonics,
respectively.

Electronic wave functions were determined by the single-configuration,
self-consistent-field (SCF), restricted Hartree—Fock (RHF) method,22-2
by perturbative methods for the incorporation of electron correlation,
including second-, third-, and fourth-order Moller—Plesset theory,® i.e.,
MP2, MP3, and MP4(SDTQ),% and by coupled cluster (CC) methods
including all single and double excitations (CCSD) and in cases, addi-
tionally, a perturbative correction for contributions from connected triple
excitations (CCSD(T)).?” Extrapolation of the perturbation series to
estimate the infinite-order energy (MPwx, obtained by estimating the
exact correlation energy within a given one-particle basis set) was per-
formed using a formula suggested by Pople and co-workers.® The 1,

(21) Dunning, T. H. J. Chem. Phys. 1989, 90, 1007.

(22) Pulay, P. Mol. Phys. 1969, 17, 197; 1970, 18, 473.

(23) Schlegel, H. B. J. Chem. Phys. 1982, 77, 3676.

(24) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkley, J. S. Inz. J.
Quantum Chem., Symp. 1979, 13, 225.

(25) Maoller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618.

(26) (a) Pople, J. A.; Seeger, R.; Krishnan, R. Int. J. Quantum Chem.,
Symp. 1977, 11, 149. (b) Krishnan, R.; Pople, J. A. Int. J. Quantum Chem.
1978, 14, 91. (c) Krishnan, R.; Frisch, M. J.; Pople, J. A. J. Chem. Phys.
1980, 72, 4244,

(27) (a) Cizek, J. J. Chem. Phys. 1966, 45, 4256. (b) Kucharski, S. A.;
Bartlett, R. J. Adv. Quantum Chem. 1986, 18, 281. (c) Scuseria, G. E.;
Scheiner, A. C.; Lee, T. J.; Rice, J. E.; Schaefer, H. F., IIL. J. Chem. Phys.
1986, 86, 2881. (d) Scuseria, G. E.; Janssen, C. L.; Schaefer, H. F., III. J.
Chem. Phys. 1988, 89, 7382, (e) Lee, T. J.; Taylor, P. R. Int. J. Quantum
Chem., Quantum Chem. Symp. 1989, 23, 199. (f) Scuseria, G. E.; Lee, T.
J. J. Chem. Phys. 1990, 93, 5851. (g) Raghavachari, K.; Trucks, G. W ;
Pople, J. A.; Head-Gordon, M. Chem. Phys. Lett. 1989, 157, 479.

diagnostic values of coupled cluster theory?™ are around 0.015 for the
different conformers, suggesting that glycine can adequately be described
by single-reference-based electron-correlation methods. The five lowest
energy ls core orbitals and the corresponding five highest energy 1s*
virtual orbitals were kept frozen in all MPn and CC treatments except
B1 MP2 geometry optimizations.

The geometrical structures of the conformers of glycine were optim-
ized at the B1 MP2(full) level. The residual Cartesian gradients were
in all cases less than 3 X 10™* hartree/bohr and substantially less for
conformers for which second-derivative calculations have been performed.
In all high-level, single-point energy calculations these optimum geom-
etries were employed. The Bl MP2(full) level Cartesian quadratic force
constants were determined at the respective optimized geometries from
finite difference calculations employing analytic first derivatives.

All electronic structure computations were performed with the pro-
gram packages GAUSSIAN90? and PSI.*

Results and Discussion

Tables I and II contain total energies (in hartrees) and relative
energies (in cm™), respectively, obtained in this study for 13
conformers of glycine. Geometry parameters, rotational constants,
and dipole moments of all the conformers of glycine investigated
are presented in Table III. Harmonic vibrational frequencies,
infrared intensities, and zero-point vibrational energies (ZPVEs)
of some glycine conformers are presented in Table IV. The
numbering of the conformers (I-VIII) reflects the increasing

(28) (a) Pople, J. A,; Frisch, M. J.; Luke, B. T.; Binkley, J. S. Int. J.
Quantum Chem., Symp. 1983, 17, 307. (b) Handy, N. C.; Knowles, P. J;
Somasundram, K, Theoret. Chim. Acta 1988, 68, 87.

(29) Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; Foresman, J. B,;
Schlegel, H. B.; Raghavachari, K.; Robb, M.; Binkley, J. S.; Gonzalez, C.;
DeFrees, D. J.; Fox, D. J.; Whiteside, R. A,; Seeger, R.; Melius, C. F.; Baker,
J.; Martin, R. L.; Kahn, L. R,; Stewart, J. J. P.; Topiol, S.; Pople, J. A.
Gaussian 90, Revision J.; Gaussian, Inc.: Pittsburgh, PA, 1950.

(30) PSI Version 2.0, Psitech, Inc., Watkinsville, Georgia, 1991.



Table ITI. Geometry Parameters, Rotational Constants, and Dipole Moments of Glycine Conformers®

Ip
parameter theory expt® IIp IIn Hlp HiIn IVp IVn Vp Vn Vip Vilp Villp VIilIn

r(C,C) 1.5186 1.529 1.5331 1.5317 1.5218 1.5194 1.5213 1.5083 1.5215 1.5097 1.5289 1.5336 1.5328 1.5198
r(C,N3) 1.4469 1.466 1.4660 1.4651 1.4491 1.4520 1.4487 1.4535 1.4514 1.4595 1.4452 1.4483 1.4454 1.4513
r(C,0,) 1.3555 1.354 1.3396 1.3406 1.3559 1.3571 1.3632 1.3531 1.3451 1.3563 1.3612 1.3535 1.3691 1.3576
r(C,0;) 1.2091 1.204 1.2067 1.2066 1.2095 1.2096 1.2039 1.2090 1.2127 1.2084 1.2030 1.2043 1.1975 1.2030
r(O,Hy) 0.9678  0.966 09813 0.9803 0.9682 0.9679 0.9672 0.9679 0.9684 0.9677 0.9640 09660 09636 09633
r(C,H,) 1.0940 1.081 1.0926 1.0929 1.0938 1.0914 1.0952 1.0921 1.0948 1.0901 1.0963 1.0924 1.0976 1.0959
r(C,Hjy) 1.0940 1.081 1.0926 1.0930 1.0938 1.0956 1.0952 1.1019 1.0948 1.1018 1.0963 1.0924 1.0976 1.1024
r(N;Hy) 1.0140 1.001 1.0122 1.0135 1.0135 1.0140 1.0095 1.0146 1.0099 1.0140 1.0145 1.0100 1.0092 1.0152
r(N;H,q) 1.0140 1.001 1.0122 1.0121 1.0135 1.0136 1.0095 1.0131 1.0099 1.0140 1.0145 1.0100 1.0092 1.0129
£(N,C,Cy) 115.56 113.0 111.28 111.01 118.99 117.89 112.76 109.62 115.63 111.10 115.58 119.61 112.89 109.64
4(C,C,0y) 110.92 111.5 113.92 113.77 112.95 112.01 109.09 111.40 114.56 110.99 115.05 116.48 113.27 115.57
£(C,C,05) 125.73 125.0 122.29 112.56 123.93 124.95 127.68 125.00 122.06 125.75 124.38 121.97 126.25 123.52
£(COHg) 106.33 110.5 103.89 104.07 105.67 105.93 105.99 106.12 104.91 106.23 109.26 107.05 109.45 109.05
£(H,C,Cy) 107.42 106.82 107.56 105.93 106.71 106.28°  108.72 104.94 106.99 107.85 105.95 106.70 105.34
L(HC,C)) 107.42 106.82 106.18 105.93 106.12 106.28 105.42 104.94 106.17 107.85 105.95 106.70 109.70
£(HgN;C,) 110.02 112.03 111.65 110.42 110.37 112.32 109.67 112.13 109.85 109.74 115.34 112.74 109.04
£(H;oN;C)) 110.02 112.03 111.83 110.42 110.34 112.32 110.52 112.13 110.20 109.74 115.34 112.74 110.89
£(H,C,Hy) 106.13 107.04 107.34 105.84 106.65 105.79 107.20 105.61 107.90 106.56 106.19 106.25 107.25
£(HgN;H,0) 106.22 107.64 107.53 106.54 106.80 108.71 108.24 108.40 107.68 106.04 112.04 109.19 108.43
7(N,C,C,0,) 180.0 180.00 0.00 11.97 0.00 29.80 180.00 158.22 0.00 44.08 180.00 0.00 180.00 158.96
(N;C,C,0;) 00 0.00 180.00 ~-169.54  180.00 -152.26  0.00 -24.33 180.00 -138.49 0.00 180.00 0.00 ~24.67
7(C,C,0Hy) 180.0 0.00 -2.76 180.00 177.62 180.00 175.99 180.00 179.28 0.00 0.00 0.00 -8.60
7(H,C,C,0,) 56.90 122.86 137.81 123.94 154.04 56.19 37.31 124.47 163.77 57.36 123.73 56.63 38.21
7(HgC,C,0)  -56.90 -122.86 -107.53 -12394 9249 -56.19  -717.36 -124.47 -81.18 -57.36 -123.73 -56.63 -76.92
7(H,N;C,C))  58.34 ~119.46 100.25 -58.78 61.00 118.54 45.29 -118.88 178.98 58.08 66.57 117.90 38.77
7(HoN;C,C)) -58.34 119.46 -139.22 58.78 -56.80 -118.54  164.55 118.88 -62.53 -58.08 —66.57 -117.90 158.09
A 10279.0 10341.7 10175.1 101275 9975.0 9744.6 10289.3  10273.0 10052.6 96274 10136.1 9866.9 101324 10137.0

(10297.9)°  (10130.5)4
B 3877.0 3876.2 4076.3 4085.3 3989.2 3987.4 3807.2 3979.4 3931.7 4079.5 3885.0 3959.6 3811.2 3992.0

(3867.5)° (4071.5)¢
C 2908.1 29124 3010.9 3024.8 2944.7 2991.6 2870.3 2968.3 2920.5 3072.1 2901.4 2922.1 2861.0 2964.2

(2911.0)¢ (3007.5)¢
p (SCF)* 1.29 6.30 6.20 1.99 1.90 3.16 2.40 2.49 2385 3.53 4.68 6.21 4.92
u (MP2Y 1.20 1.00 5.59 2.06 2.41 2.95 4.10 431

“ Distances (7) in angstroms, angles (£ and 7) in degrees, rotational constants (4, B, and C) in MHz, and dipole moments (u) in debyes. For numbering of atoms and depiction of the
different conformers see Figure 1. All theoretical values, if not noted otherwise, were obtained at the B1 (6-3114++G**) MP2(full) level. Note that while theoretical rotational constants
refer to cquilibrium A,, B, and C, valucs, available experimental constants do not. *Geometry corresponds to 7 parameters (column 5 of Table III of ref 16). For experimental error
estimates see original publication. The dipole moment is taken from ref 2. ©B, values, i.e., rotational constants corrected for vibrational effects.'® 4 Experimental rotational constants? are
given in parentheses. ¢Dipole moments obtained at the B1 (6-311++G**) SCF level. /Dipole moments obtained at the Bl (6-3114++G**) MP2 level.
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relative energies of the respective “planar” forms of glycine ob-
tained from B! MP2 geometry optimizations.3!

Energies. As has been determined both experimentally'®!¢ and
theoretically,!~12 the lowest energy form of neutral glycine in the
gas phase is Ip, i.e., a conformer with a planar heavy-atom
structure and two equal N-H.~O H-bonds. It is important to
emphasize that not only the present high-level calculations but
all semiempirical and nonempirical theoretical methods studied*’
previously did predict Ip to be the lowest energy form of glycine.
On the other hand, as mentioned in the Introduction, for the
separation energy between this conformer and the rest of the
conformers the different theoretical methods provided confusingly
different results. For example, IIp is an energy minimum at some
SCF levels (e.g., 4-31G and 6-31+G), but a slightly nonplanar
form of II (IIn) is predicted to have a lower energy at several other
(lower and higher) theoretical levels, most notably at the 6-311G**
MP2%* and at the present 6-311++G** MP2 levels. Furthermore,
at the SCF level “there is considerable scatter in calculated energy
differences and in the optimized values of the nonplanar N-C-
C==0 torsions™.* These observations are confirmed by the present
study as far as some large deviations between B1 SCF and Bl
MP2 and MP4 relative energies are concerned. Most notably,
conformation II is predicted at the B1 SCF level of theory to be
only the sixth most stable conformer of glycine whereas all
high-level calculations predict it to be the second most stable form
of glycine. Still, although for most high-energy conformers Bl
SCF relative energies are larger than the corresponding Bl MP2
results by 90~560 cm™!, the energy order of the conformers is not
changed. Since for large systems (e.g., oligopeptides) it is the SCF
level of ab initio theory which can be routinely applied, it is of
considerable interest to see whether the observed problems are
connected to the incompleteness of the one-particle basis sets
employed or are inherent consequences of the limitations of the
Hartree—Fock approach. The present B2 SCF calculations em-
ploying 350 CGFs should definitely be very close to the Har-
tree-Fock limit, and thus they can answer this question (even
though the B2 basis set does not contain g functions on the heavy
atoms and effects of geometry relaxation on the relative energies
cannot easily be assessed). As can be seen in Table II the B2 SCF
relative energies are rather close to those obtained employing much
smaller basis sets (the average deviation between B! SCF and
B2 SCF relative energies is only 144 cm™), and thus one can
conclude that the simplifications leading to the Hartree—Fock level
of theory prevent one from obtaining quantitative results for the
relative energies of the isomers of glycine. It seems very likely
that this problem exists for most other amino acids, as well. On
the other hand, for most conformers B2 MP2 relative energies
are quite similar to those obtained from B1 MP2 calculations,
the average deviation being 152 cm™, while the maximum de-
viation is still less than 400 cm™! (large deviations are observed
only for conformers V-VIII). An equally important observation
is that the changes accompanying extension of the one-particle
basis from B1 (145 CGFs) to B2 (350 CGFs) more or less com-
pensate for the changes accompanying extension of the elec-
tron-correlation treatment from MP2 to MP (using the Bl basis).
As a result, the final theoretical predictions for the relative energies
of the isomers of glycine (see Table II) are close to the results
obtained directly from B1 MP2 calculations, with the exception
of conformers V-VIII. The relative energies determined at the
B1 CCSD level of theory are rather close to those obtained by
perturbation theory; in particular, they do not deviate more than
50 cm™! from B1 MP3 values. The effect of triple substitutions,
judged from the limited Bl CCSD(T) results available, seems to
be rather small, suggesting that the theoretical values obtained
in this study for the relative energies of the glycine conformers
are well converged. In summary, although the Hartree~Fock level
of theory seems insufficient to provide quantitative results for the

(31) For the sake of simplicity, the IUPAC-IUB nomenclature (Bio-
chemistry 1970, 9, 3471), which recommends designation of amino acids and
peptides by torsion angles N-C* (¢), C*=C (¢), C-N (w) and C-O” (6) is
not followed in this paper.
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relative energies of the isomers of glycine (and probably for most
other amino acids), the only slightly more expensive MP2 level
of theory, when employed with a reasonably large basis set (in-
cluding both polarization and diffuse functions, like the present
B1 basis, 6-311++G**), seems to perform well. Still, it should
be pointed out that in the cases of the conformer pairs IIIp-IIIn
and Vp-VIp there is disagreement in the ordering between the
B1 MP2 (MP4) and B2 MP2 levels of theory. The energy dif-
ferences involved are, however, very small (less than 100 ¢cm™!,
i.e., 0.3 kcal/mol). Further enlargement of the one-particle basis
set or extension of the level of correlation treatment is not expected
to alter the above conclusions in any substantial way.

As mentioned several times, one striking result of earlier the-
oretical studies was the fact that at certain levels of SCF theory
some “nonplanar” (C, symmetry) glycine isomers (basically those
of conformers II and III) had lower total energies than their
“planar” (C,) counterparts and that these differences were ex-
tremely sensitive to the choice of the basis set. Existence of a small
energy difference between conformers IIp and IIn, and IIIp and
IIln is basically confirmed in the present study. In both cases
the equilibrium energy differences between planar and nonplanar
conformers are very small at all levels studied, varying between
3and 58 cm™!. There is, however, a significant difference between
conformers II and III: while for conformer II all theoretical levels
of this study indicate that the nonplanar form has the lower energy,
for conformer III the planar form is more stable at the B2 MP2
level, although by only 3 cm™'. Thus, one can argue that for
conformer III even more and even higher level theoretical cal-
culations would be needed to decide which form corresponds to
a minimum on the potential energy surface, although the B2 MP2
results indicate that it might be the planar form.’> Because no
higher level calculations can be done at present, this problem is
left for future studies. The calculated values for the bare barrier
heights are actually so small that one has to wonder whether the
theoretical predictions should be accepted. Even if one trusts
theory, i.e., accepts that a slightly distorted, nonplanar conformer
of I is indeed a minimum energy conformer while IIp is a saddle
point on the potential energy surface of glycine,® the effect of
zero-point vibrations on the effective barrier height has to be
addressed. Second-derivative calculations at the Bl MP2 level
were performed to answer this question (see Table IV). The
zero-point vibrational energy (ZPVE) value obtained raises the
predicted equilibrium energy difference, 172 cm™!, between con-
formers Ip and IIn by 140 cm™, arriving at a value of 312 cm™..
Still, IT remains the second lowest energy conformer. On the other
hand, the ZPVE corrections calculated for conformer II result
in a very significant change in the relative energies of IIp and IIn;
while the final prediction for the bare barrier height for conformer
I1 (see Table II) is 24 cm™, the ZPVE values decrease this height
by 24 cm™!, resulting in a final effective barrier height of about
0 cm™. This value, although it may change by several wave
numbers up and down given the uncertainties in the theoretical
values, indicates that the effective ground-state structure is
probably planar for conformer II (this prediction is supported by
the extremely good agreement between the measured and cal-
culated rotational constants of conformer Ilp) and that the
splitting, if any, of the rotational levels is extremely small. Note
that scaling the theoretical Bl MP2 frequencies should not change
these conclusions.

As far as the relative energies of conformers IV-VIII are
concerned no experimental data are available. In their elec-

(32) That the potential energy curve of glycine is extremely flat around
I1Ip has already been demonstrated by Siam et al. at the 4-21G SCF level
(see Table III and Figure 3 of ref 3).

(33) It is important to point out that the higher the level of the pertur-
bational treatment is the lower its contribution becomes to the energy dif-
ference between conformers IIp and IIn: using the Bl basis set, the energy-
difference contributions are -23.9, -9.0, +7.5, and +0.2 cm™' at the MP2,
MP3, MP4, and MP= levels, respectively. These numbers suggest that the
perturbational series is reasonably well converged at the MP4 level, and even
more importantly they show that very large basis set MP2 calculations (like
the B2 MP2 calculations of the present study) should result in answers very
close to the exact one as the higher-order contributions seem to cancel out.



Table IV. Harmonic Vibrational Frequencies, Infrared Intensities, and Zero-Point Vibrational Energies (ZPVEs) of Some Low-Energy Glycine Conformers®
Ip Ip IIn IVn Vn Vip Viip VIIIn
v sym freq int sym freq int sym freq int sym freq int sym freq int sym freq int sym freq int sym freq int

| A’ 3808 759 A’ 3585 8.0 A 3670 20.0 A 3808 809 A 3811 822 A’ 3854 60.7 A’ 3810 100.8 A 3867 638
2 3562 2.8 3531 336.9 3578 150 3661 13.4 3657 10.5 3558 4.6 3599 7.7 3659 174
3 3106 135 3115 9.2 3549 301.6 3559 34 3558 1.8 3078 230 3118 9.2 3555 6.7

4 1825 264.7 1848 329.9 3170 49 3152 8.2 3178 5.9 1849 2163 1845 253.1 3103 21.7
5 1680 22.5 1660 37.0 3111 106 3028 389 3027 420 1681 26.1 1660 31.1 3021 437
6 1474 144 1477 48 1848 323.1 1831 257.6 1832 288.7 1484 74 1464 49 1853 207.7
7 1422 227 1440 378.0 1660 36.0 1646 58.1 1655 36.9 1399 353 1373 264 1644 60.6
8 1318 19.1 1362 14.7 1484 49 1512 9.0 1511 3.7 1299 3453 1347 3565 1513 6.7

9 1191 56.2 1243 215 1437 3742 1472 321 1451 460 1190 47 1202 88 1455 31.6
10 1147 264.1 1104 16.6 1382 6.3 1340 36.7 1363 52.6 1142 498 1142 152 1318 332.2
11 949 1245 929 144.4 1338 9.1 1294 03 1313 63 949 1694 853 4438 1287 609
12 845 768 846 13.0 1242 247 1231 740 1245 708 851 253 661  99.2 1233 4.1

13 642 59 648 5.7 1171 23 1159  209.5 1154 136.7 652 151 514 1765 1157 135
14 472 315 517 1.9 1102 133 1130 45.2 1098 46.4 473 21 507 39 1136 312
15 260 94 325 18.0 960 85.9 1042 9.6 1035 193 263 273 281 20.7 1035 124
16 A” 3652 93 A” 3677 23.0 911 629 869 720 868 79.2 A” 3647 115 A” 3717 208 871 703
17 3158 438 3175 3.7 867 101.2 858 953 846 704 3131 8.5 3173 27 863 93.1
18 1401 0.3 1353 0.05 850 154 670 59.4 709 713 1408 0.5 1382 0.6 663 104
19 1192 09 1169 21 656 7.0 625 589 595 736 1184 0.1 1166 0.2 5715 10
20 927 1.0 925 1.3 551 1.0 523 369 551  38.0 929 0.2 908 39 471 11.8
21 626 855 880 97.5 511 24 465 130 452 6.1 562 5.9 590 203 439 994
22 497 537 543 5.7 322 182 289 7.6 293 237 376 99.1 508 25.0 290 8.0
23 237 49.7 240 11.9 274 133 220 484 251 29.1 234 69.7 337 88.0 223 564
24 54 34 -68 0.01 79 23 96 25 75 20 62 6.9 52 4.2 100 3.9
ZPVE® 50.67 [50.59] [50.88] 51.07 [50.94) 50.72 [50.58} 50.79 [50.66} 50.40 [50.31] 50.33 [50.25] 50.51 [50.36]

“Frequencies (v;; freq) in cm™, intensities (int) in km/mol, zero-point vibrational energies (ZPVE) in kcal/mol. All theoretical values were obtained at the B1 (6-311++G**) MP2(full) level at the
respective fully optimized reference geometries. The scale factor of 0.97 might be a reasonable estimate for frequency (and consequently ZPVE) corrections. ®Values in square brackets were obtained
by neglecting the contribution from »,,.
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tron-diffraction study Iijima and co-workers'® arrive at the value
of 595 cm™! for the energy difference between conformers Ip and
III. When the several pitfalls associated with the use of the
electron-diffraction technique to obtain energy differences between
rotational conformers in general* and some deviations (vide infra)
between results of the present study and that of Iijima et al.!s in
particular (most importantly the complete neglect of the second
most stable conformer of glycine, II, in their analysis) are con-
sidered, the agreement between the theoretical value of 560 cm™!
and the experimental value of 595 cm™ is fortuitous. The energy
difference between conformers Ip and IIp was estimated to be
490 % 150 cm™! by Suenram and Lovas,!*® based on intensity
measurements on the 13;5—125, transitions of both conformers.
Suenram and Lovas assumed in their model calculations that the
vibrational partition function was equal for the two conformers.
This approximation does not seem to be the best possible in light
of the present Bl MP2 harmonic frequencies. When other sources
of error in the relative energy measurements, which have already
been emphasized by Suenram and Lovas, are considered, it seems
possible that the discrepancy between the theoretical estimate
(about 310 cm™') and the experimental value (490 £ 150 cm™)
of the energy difference between Ip and II is related, at least partly,
to larger than assumed experimental model errors and uncer-
tainties and that the experimental estimate of the energy difference
should be revised downward. It is evident that further experi-
mental studies are necessary to judge the quality of the final
theoretical predictions for the relative energies of the conformers
of glycine (see Table II for the equilibrium values; these should,
of course, be corrected for vibrational effects (see Table IV) to
make them comparable to experimental values).

Geometries. Comparing the calculated rotational constants with
the experimental ones available for conformers Ip and Ilp it is
immediately clear that the B1 MP2(full) level geometry opti-
mizations resulted in highly accurate structures. The average
deviation between the six measured A4,, By, and C, and calculated
A., B,, and C, values is a mere 0.24%, for the two smaller rotational
constants even the largest deviation is smaller than 5 MHz.
Corrections to obtain equilibrium rotational constants from the
observed constants corresponding to the vibrational ground state
are expected to be several MHz in magnitude. Indeed, vibrational
corrections to the rotational constants of Ip calculated by lijima
et al.!é change the observed values substantially, bringing the
original 63 MHz deviation between theory and experiment for
rotational constant A just under 20 MHz. Although in the light
of the impressive agreement between the previous SCF level
theoretical rotational constants and their experimental counterparts
the gratifying agreement obtained in this study is not that
unexpected, it is still very reassuring. One should feel confident
that the calculated rotational constants obtained for the yet
unobserved conformers of glycine have similar accuracy; thus, they
should guide all future attempts to observe these species using
the techniques of rotational spectroscopy. It seems very likely
that the nonplanar conformer IVn could be observed experi-
mentally relatively easily, since it has a low relative energy
(compared to the most stable conformer Ip it is only around 400
cm™') and has a sizable dipole moment. Since the highest energy
conformers (VIp, Vilp, and VIII) all have fairly large dipole
moments (3—6 D), at slightly elevated temperatures they could
also be observed by microwave spectroscopy despite their low
abundance as intensities of transitions in the microwave region
are proportional to the square of the dipole moment.3*

There is a plethora of information for a comparative study of
the calculated geometric structures of the conformers of glycine

(34) Hedberg, K. In Stereochemical Applications of Gas-Phase Electron
Diffraction; Hargittai, 1., Hargittai, M., Eds.; VCH: New York, 1988; pp
347-366.

(35) This fact led, in the late 1970s, to some confusion about the lowest
energy form of glycine in the gas phase,’ as first not I but II was observed
in the microwave region due to its much larger dipole moment. Fruitful
collaboration between theorists and experimentalists resulted in the mea-
surement of the weak rotational lines of Ip.'®> A subsequent electron diffraction
study'® confirmed unambigously that indeed Ip is the lowest energy form of
glycine in the gas phase.

Csaszar

(see Table III). Probably the most significant piece of information
and the only one being discussed here is the calculated dependence
of the values of the CCN and CCO angles on the orientation of
the NH, and OH groups, respectively. The tilt and asymmetry
of methyl groups in asymmetric environments (CH;Z compounds)
has been known for many years and was interpreted, based on
ab initio molecular orbital calculations, by Boggs et al.* as a result
of the combination of through-space bond-bond interactions
leading to minimum bond-bond repulsions. If Z has a lone pair
(L) of electrons (e.g., Z = NH,, the case we are mainly interested
in), although both C-H--N-H and C~H-~L interactions are im-
portant, the former repulsion is dominant. As a result, in the stable
staggered conformation the ZCH angle trans to the lone pair of
electrons is considerably different from the “gauche” ZCH angles
(according to calculations, the difference is 5.1° in CH;NH,).
In primary amines and alcohols the same effect will predictably
show up. Indeed, based on quantum chemical calculations,
Risdnen et al.’” proposed a so-called trans—angle rule: “if in a
conformer of a primary alcohol or amine a CC or CH bond is
trans to an XH bond (X = O, N), the corresponding XCC or
XCH angle will be considerably smaller than that for other
configurations™. This rule has been confirmed experimentally.?40
As far as the conformers of glycine are concerned the NCC angle
in them changes between 109.6° and 119.6°, while the CCO angle
changes between 109.1° and 116.5°. While part of this large
spread in the bond angles should be attributed to sizable
through-space repulsions (e.g., strong H«H repulsions in con-
former VIIp), the trans—angle rule is clearly valid for the con-
formers of glycine. For example, the OCC angle of conformer
Ip is 110.9°, while that of IIp (and similarly IIn) is 113.9°, in
agreement with the “trans” vs “cis” arrangement of the CC bond
as compared to the OH bond.

Although generally there is an excellent agreement between
the Bl MP2(full) theoretical r, structure and the r,° experimental
structure of Ip determined by gas electron diffraction (GED),!6
there are some discrepancies worth discussing. Before going into
details one should note that Iijima et al.'® have found that the
agreement of the rotational constants calculated from the analysis
of the GED data alone with the observed rotational constants “was
not very good”. Furthermore, although the agreement improved
substantially when they performed a joint GED and rotational
constants analysis, they then obtained an unreasonable torsion
angle for CCOH (it was calculated to be close to 30°). One of
the discrepancies between theory and experiment concerns the
length of the C-C and C-N bonds. The r,° values of Iijima et
al.1 are much closer to the values obtained for conformer II than
to values of conformer Ip, when according to the calculations the
differences between the C~C and C-N bond lengths of conformers
Ip and IIp (IIn) are sizable, 0.015 (0.013) and 0.019 (0.018) A,
respectively.*! Another discrepancy concerns the CNN angle,
for which the measured value is some 2.6° smaller than the
calculated value. Interestingly, the measured value is right in
between the calculated CCN angles of Ip and II. Note also that
the COH angle was fixed during the structure refinement to a
4-21G SCF optimized value, which turns out to be too large by
as much as 4.2° if compared to the present B1 MP2 result. One
plausible explanation for all the observed discrepancies is that
although during recording of the GED data lijima et al.!¢ mea-
sured scattering from both low-energy conformers I and II of

(36) Flood, E.; Pulay, P.; Boggs, J. E. J. Am. Chem. Soc. 1977, 99, 5570.

(37) Rédsdnen, M.; Aspiala, A.; Homanen, L.; Murto, J. J. Mol. Struct.
1982, 96, 81.

(38) Hamada, Y.; Tsuboi, M.; Yamanouchi, K.; Kuchitsu, K. J. Mol.
Struct. 1986, 146, 253.

(39) Lotta, T.; Murto, J.; Riséinen, M.; Aspiala, A.; Sarkké, P. J. Chem.
Phys. 1985, 82, 1363.

(40) Csészdr, A. G.; Hedberg, K. Unpublished results on a joint electron
diffraction, microwave spectroscopy, and quantum mechanical investigation
of the molecular structures and conformational composition of 2-fluoro-
ethylamine and 2-aminoethanol.

(41) Naturally, one should not place too much emphasis on the absolute
value of the calculated bond lengths, as they might be, even at the level of
theory employed in this study, somewhat less accurate than the calculated
bond angles for which remaining errors of less than 1° can be assumed.
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glycine (this would be especially important if the energy difference
between the two conformers is indeed as small as indicated by
the present calculations), in the process of structure refinement
they basically included parameters of only one of the conformers
(that of I). (Note that torsion around the C~C bond has been
included in their fit in the form of a simple two-parameter cosine
potential, but this rotation leads to conformer III and not to
conformer I1.) Consequently, the geometry parameters included
in their carefully executed fit became basically (weighted) averages
of structures Ip and II. It would be interesting to see how a new
joint structural refinement of GED and microwave data, biased
toward Bl MP2 structural parameters, quadratic force fields,*
and relative energy differences for conformers Ip and II (and
perhal;:s IIT) would alter the structural results obtained by Iijima
et al.

Vibrational Spectra. The Bl MP2 theoretical vibrational
frequencies and infrared intensities presented in Table IV for
several glycine conformers would allow interpretation of a carefully
executed experimental investigation of the gas-phase vibrational
spectrum of glycine. Since we are not aware of such a study this
task is left for the future. It is only noted here that the different
conformers of glycine have high-intensity infrared bands in dif-
ferent regions of the spectrum,; for example, Ip has intensive bands
at 1147, 949, and 626 cm™; IIp at 1440, 929, and 880 cm™!; IVn
at 1159 and 858 ecm™!, and VIIp at 1347 and 514 cm™'. These
considerable shifts in the normal mode vibrations should allow
identification of a number of different conformers in the gas-phase
vibrational spectrum of glycine. These calculations also reveal
that there are some normal modes that do not change substantially
from one conformer to another (they predictably include not only
v4(C=0 str) and v4(CH, sci) but also »5(NH, sci) and »,,(C—C
str)). Note also that a uniform scale factor of 0.97 might be a
reasonable estimate for frequency corrections at the Bl MP2 level
of theory.

Conclusions

The following important conclusions can be drawn from the
present theoretical study of the conformers of gaseous glycine:

1. Simplifications leading to the Hartree—Fock level of theory
prevent one from obtaining quantitative results for the relative
energies of the isomers of glycine (and probably for most other
amino acids and peptides formed from them), as can be judged
from B2 SCF results (employing 350 CGFs) of the present study
which should definitely be very close to the Hartree—Fock limit.
Given the considerable difficulties observed at the SCF level, the
substantially simpler molecular mechanics models must be ex-
tremely carefully parametrized to assure that they yield accurate
relative energies and thus allow meaningful predictions for the
conformational behavior of oligopeptides and peptides.

2. 1t is shown, employing the ¢, diagnostics of coupled cluster
theory, that single-reference-based electron-correlation methods
can provide accurate relative energies of glycine conformers. In
particular, the MP2 level of theory, when employed with a rea-
sonably large basis set (including both polarization and diffuse
functions, like the basis 6-311++G** employed in this study),
seems to perform exceptionally well in most respects, partly due
to an error cancellation (extension of the one-particle basis more
or less compensates for changes accompanying extension of the
electron-correlation treatment). It is also observed that in most
cases higher order (MP3, MP4, MP=, CCSD, and CCSD(T))

(42) The quadratic force field obtained for Ip as part of the present study
(see Tables V and VI of the supplementary material) has actually been used
to calculate root-mean-square amplitudes for all distances incorporated in the
GED analysis of Tijima et al.' to check their accuracy. Most calculated values
agree reasonably well with the amplitudes assumed and/or measured by lijima
et al., suggesting that their Urey—Bradley force field was as accurate as
required for the purposes of a GED study.
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contributions to the energy differences of conformers seem to
cancel out indicating that very large basis set MP2 calculations
(like B2 MP2 of this study) might result in highly accurate relative
energies, which can be further improved by correcting them with
MP3, MP4, and MP= contributions obtained using a smaller basis
set (these latter corrections vary between —79 and +41 cm™! for
the isomers considered). A similar strategy for theoretical com-
putations is recommended for future studies on neutral amino acids
(and possibly on their amides). Results obtained at the highest
levels of theory employed in this investigation (B2 MP2, B1 MP4,
and B1 CCSD(T)) should probably serve as benchmarks for these
future calculations.

3. Eight minimum-energy conformers of neutral glycine have
been identified in this study, among them there are five distinct
conformers whose relative energy is less than 1000 cm™ (the
barrier to internal rotation in ethane). Five of the eight minima
have a nonplanar heavy-atom structure, which results from a
balance between stabilizing intramolecular H-bonds and desta-
bilizing steric strain and lone-pair electron-repuision effects.

4. The lowest energy form of glycine (Ip) has a planar
heavy-atom structure and two equal N~H-~Q H-bonds, while the
second most stable conformer (II) has an O-H.~N H-bond and
is less stable than Ip by only about 180 cm™ (equilibrium value),
which changes to 310 cm™ by inclusion of vibrational effects. At
equilibrium, a nonplanar structure is preferred by conformer II
according to all correlated level calculations. ZPVE calculations
suggest, however, that the effective ground-state structure of II
is probably planar. (Note that there is an extremely good
agreement between the measured and calculated rotational con-
stants of IIp.) For conformer III the potential energy curve is
extremely flat around IIlIp, thus even calculations at the highest
levels leave the question open as to whether the C, or the C; form
is 2 minimum,

5. Agreement between the B1 MP2 rotational constants and
experiment is excellent for the two lowest energy forms of glycine
(experimental data are available only for Ip and IIp), even the
largest deviations are only a few MHz. The rotational constants
calculated for the yet unobserved conformers should have a similar
accuracy and thus could help in the search for these conformers
by rotational spectroscopy.

6. Within the limits of their chosen model lijima and co-
workers!'¢ performed a careful joint GED and rotational constants
analysis that resulted in the structure of the lowest-energy form
of glycine. Their model, however, should be revised based on the
newly available theoretical data of this study, and the analysis
should be repeated since considerable changes in some structural
parameters are expected as the result of model revision.

7. The calculated vibrational spectra of the conformers of
glycine reveal that different conformers have some high-intensity
bands in different regions of the spectrum. These considerable
shifts in normal mode vibrations would probably allow identifi-
cation of a number of conformers in the gas-phase vibrational
spectrum of glycine.
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