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Gas-Phase Basicity of Glycine: A Comprehensive ab Initio Study
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Geometry-optimized structures for the most stable conformers of glycine and protonated glycine were obtained
using the HartreeFock and second-order MgllePlesset perturbation (MP2) methods with the 3-21G*,
6-31G*, 6-31G**, 6-3HG**, 6-311G**, 6-311+G**, and 6-31H+G** basis sets. Analyses of results
indicate that the MP2/6-31G*, MP2/6-315**, and MP2/6-311#G** levels of theory are more suited for
protonation studies. Considerations were given to potential applications of single-point calculations using
higher correlation methods such as MP4, QCISD(T), and CCSD(T) and larger basis sets includirg3-311
(3df,2p) and aug-cc-pVTZ. An ideal gas basicity of 203.5 kcal/mol at 298.15 K, which was calculated at the
MP4/6-3H-G(2d,2p) composite level for electronic properties and at the MP2/6-31G* level for thermodynamic
properties with corrections of basis-set superposition error and conformational equilibrium effect, is shown
to be sufficiently accurate by systematic deductions. This theoretical value is in good agreement with the
lower of the two mass spectrometric values, 202.5 and 207.0 kcal/mol, assigned as the gas-phase basicity
(GB) of glycine based on two different basicity scales. Comparisons with GB calculations on ammonia and
methylamine reveal that certain protonation properties remain fairly constant among molecules undergoing
amino N-protonations. Several findings from this study help formulate practical strategies for calculating

the GBs of larger molecules, including the use of density functional theory.

Introduction Following those who pioneered ab initio protonation calculations

The acid-base properties of a peptide affect physicochemical N Small molecule$]™3 we study glycine in regard to the
activities such as solubility, hydrophobicity, and electrostatic "€lative influence of basis set, electron correlation, basis-set
interactions which directly impact the biological activity of the ~SUP€rposition error, and conformational equilibrium on the
peptide in a living system. The gas-phase basicity (GB) and accuracy of the calculated GB. Since protonation calculations
proton affinity (PA) are the major thermodynamic parameters ON larger compounds (e.g., oligopeptitiesd small carbohy-
essential for a quantitative understanding of the intrinsic drate$) must be limited to the lowest level of theory that yields
properties of a peptide in the absence of solvents. While "eliable GBs, we hope this study will provide important

experimental GB measurements are becoming one of the mosinformation in these regards. _
active areas of research in the gas-phase ion chemistry of Presently the experimental GB of glycine based on the mass

biomolecules: 10 ab initio calculations have been performed SPectrometric measurement by Cassady and co-wérkeray

only sparingly to supplement experiments with energetic, be aSS|gn(_ed two different values: 202:52.8 kcal/mol by the
thermodynamic, and structural data of the relevant neutral andScale of Lias et &% and 207.0+ 3.1 kcal/mol by the scale
protonated specié€89 One important function of an accurate  Of Meot-Ner et af33 A recent study by Szulejko et &.
theoretical calculation is to provide the thermodynamisS suggests that the Lias scale is too low and the Meot-Ner scale
term that relates the experimental GB to PA in a protonation IS 100 high for compounds more basic than ammonia. As a
reactiond11 result the true GB of glycine is expected to be between 202.5

Glycine, the smallest amino acid that forms the backbone of @hd 207.0 kcal/mol. In this study we wish to establish a
peptides, is uniquely suited to play the role of a model theoretical GB accurate enough to serve as the benchmark for

compound in the study of biomolecules. In recent years the the éxperimental values. We hope our finding will help decide

geometries and energies of different conformers of gaseousWhich basicity scale is more appropriate for assigning the

glycine have been extensively studied by experimental and ab@bsolute GBs of amino acids and peptides.

initio methods'222 Current advances in mass spectrometric

measurements of the GBs of glycine and its peptides have

further provided the impetus for theoretical investigations on  The Gibbs free energy changA®) for the protonation

the protonations of these compourfd@s®> Most recently we reaction of glycine (Gly) at 298.15 K and 1 atm,

have completed an ab initio conformational analysis of amino

N- and carbonyl O-protonated glycine in the gas pHése. Gly + H" — GlyH" 1)
As an extension of previous GB studies on glycine, alanine,

mixed dipeptides of glycine and alanine, and triglycine (Gly, is calculated by means of the following equatiéns:

Ala, GlyGly, GlyAla, AlaGly, and GlyGlyGly)3*8we present

here a comprehensive ab initio study of the GB of glycine AG=AH —TAS (2)

calculated from low to high levels of theory. The objective is _ . _
to assess the ability of each level to calculate this GB accurately. AH = AE,+ AEz + A(E - Ey) — 1.48 kealimol (3)

Computational Methods
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TAS= (298.15 K)BGIlyH") — Gly)] — 7.76 kcal/mol
4)

The AE., AEzp, andA(E — Ep) terms refer to the change Gly
— GlyH™ in electronic energyE.), zero-point energyHzp),
internal energy chang&(— Eg) from 0 to 298.15 K, and entropy
(S at 298.15 K. The constant 1.48 kcal/mol is the sum of
translational energy of HandPV work from the reaction. The
constant 7.76 kcal/mol equals the entropy of & 298.15 K.
The gas-phase basicity (GB) and proton affinity (PA) are defined
as the negative of the Gibbs free energy change and enthalpy
change: GB= —AG and PA= —AH.

We calculated the GB values based on the most stable @
conformers Gly(1) and Gly#H(1) optimized at both Hartree
Fock (HF) and second-order MgltePlesset perturbation (MP2)
levels of theory with standard basis sets ranging fror2 BG
to 6-31H-+G**.3536 \We also made preliminary investigations GlyH*(T1D) GIyH™(T2)
on the use of the density functional theory (DFT) for protonation Figure 1. MP2/6-31G* optimized structures for the most stable
calculations. Although some of the structures optimized at the conformers of glycine and protonated glycine, Gly(1) and Gi#),
levels of interest to us were already publisfié#;17:23-25 the and two transition-state conformers of protonated glycine, G{iH)
relevant calculations were repeated for systematic evaluations 2" GlyH (T2).
To improve the calculated electronic energies, higher level
calculations including the MP4, quadratic configuration interac-
tion [QCISD(T)], and coupled-cluster [CCSD(T)] methods and
basis sets with added polarization functions up to 6431
(2df,2pd) were performed on selected optimized geometries. In
addition to electronic energies, harmonic vibrational frequencies
were computed at the HF/3-21G*, HF/6-31G*, and MP2/6-31G*
optimized levels to provide thermodynamic quantities required
by the calculation oAG at 298.15 K and 1 atm. To correct
for the basis set superposition error, electronic energies of Gly-
(1) were recalculated with a “ghost proton” present at selected
levels. The contribution of conformational equilibriaAgs at
298.15 K was estimated by taking into account appropriate stable
conformers, Ghyi) and GlyH"(i) fori > 1. Finally, protonation
properties for ammonia and methylamine were calculated at
levels comparable to or higher than those for glycine to provide
data for comparison and discussion; results are presented i
Tables S-1 and S-2 as Supporting Information. For these two 7% - .
molecules the largest basis is the augmented correlation-PAS Of small molecule$!™*% Here we examine systematically
consistent polarized triple-split valence set aug-cc-pvTZ. The these éffects on the PE of glycine.

ab initio calculations were carried out using the Gaussian 92/ El€ctronic and protonation energies of Gly(1) and GiyH
94 programg€® Both the core and valence electrons were c@lculated at different theoretical levels are listed in Table 1.

included in all correlation treatments. To highlight special trends, 16 PEs are selected for plotting in
Figure 2. Each theoretical level is specified by two parts, L2/
/L1: L1 in column 1 is the level for obtaining the optimized
geometry, and L2 in column 2 is the level for calculatiBg
Structures. The MP2/6-31G* structures for the most stable When L2 is the same as L1, the level is referred to as an
conformers of glycine and protonated glycine, Gly(1) and optimized level.
GlyH*(1), and two transition-state conformers of protonated  We first discuss the HF and MP2 optimized levels and the
glycine, GlyH"(T1) and GlyH (T2), are shown in Figure 1.  correlated levels of higher order. For geometry optimizations,
Those of the transition states were taken from a companion the basis sets are 3-21G, 6-31G*, 6-31G**, 6+&1**, 6-311G**,
study® to show the different geometries encountered in this 6-3114+G**, and 6-31H-+G**. These sets are chosen to show
study for the global minimum GlyH1). a gradual progression in the number and composition of the
The neutral species Gly(1) belongs to the point gréypith basis functions. To investigate correlation enhancements beyond
atoms N6, C2, C1, O3, 04, and H5 in the symmetry plane; its MP2, the HF and MP2 geometries are employed as host
conformation is characterized by a bifurcated H-bond linking geometries for MP4, QCISD(T), and CCSD(T) single-point (SP)
two amino hydrogens to the carbonyl oxygen (NHO). This calculations.
symmetrical conformation is supported by microw#9&%and The 6-31H#+G** basis set is included as a reference for
electron diffractiod* experiments and by ab initio calculations  setting the upper limit in basis size for geometry optimizations;
based on HR213.15\|p2 16.17CCSD(T)18 and DFT*® methods. previously it has been shown by Ggal’ to yield calculated
The conformation of the N-protonated species Gi{t) properties of glycine at the MP2/6-31#G** optimized level
appears less definitive. While MP2/6-31G* optimizati# s in close agreement with experimental values. From Table 1
indicate an asymmetricC{) geometry with a single H-bond  we find that the HF and MP2 PEs from 6-3t+G** differ
(NH---0) for GlyH"(1) in Figure 1, HF/3-21G and HF/6-31G*  from those of 6-313+G** by less than 0.1 kcal/mol. We

optimizationg823for the global minimum result in geometries
resembling the MP2 transition states GIyfi2) and GlyH'-
(T1), respectively, withCs symmetry of different hydrogen-
bonding arrangements. Subsequent HF and MP2 optimizations
using basis sets larger than 6-31G* show no change in the
respectiveCs and C; conformations. These changes in the
conformation of GlyH (1), due to changes in the basis set (from
HF/3-21G to HF/6-31G*) and correlation level (from HF/6-
31G* to MP2/6-31G*), are in accord with previous findings
on certain low-energy conformers of the neutral glycine Gly(
fori > 11316

Basis Sets and Correlation Levels.The electronic proto-
nation energy (PE), defined as the negativAB§, has the same
sign and order of magnitude as the calculated GB or PA. A
variation in PE can therefore be correlated with a variation in
GB or PA. There have been several in-depth studies on the
effects of basis set and electron correlation on the calculated

Results and Discussion
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TABLE 1: Electronic Protonation Energies for the Most Stable Conformer of Glycine?

E. (hartree)
geometry level Gly(1) GlyH(1) PE (kcal/mol
HF/3-21G HF/3-21G —281.247498 —281.616293 231.42 (1)
HF/6-31G* —282.827640 —283.183154 223.09
HF/6-31G* HF/6-31G* —282.831096 —283.186989 223.33(2)
MP2/6-31G* —283.596549 —283.951430 222.69
MP4/6-31G* —283.651270 —284.007657 223.64
MP2/6-3HG** —283.685670 —284.036691 220.27
HF/6-31G** HF/6-31G** —282.848342 —283.207426 225.33(3)
HF/6-31+G** HF/6-31+G** —282.858138 —283.212177 222.16 (4)
HF/6-311G** HF/6-311G** —282.917278 —283.274600 224.22 (5)
HF/6-31H-G** HF/6-311+G** —282.924826 —283.278526 221.95 (6)
HF/6-31H+G** HF/6-311++G** —282.925015 —283.278788 222.00
MP2/6-31G* MP2/6-31G* —283.619194 —283.975231 223.42 (7)
MP4/6-31G* —283.674334 —284.031748 224.28 (12)
QCISD(T)/6-31G* —283.671842 —284.029319 224.32
CCSD(T)/6-31G* —283.670767 —284.028231 224.31
MP2/6-3HG** —283.688689 —284.040490 220.76
MP2/6-31G** MP2/6-31G** —283.666296 —284.027498 226.66 (8)
MP4/6-31G** —283.723410 —284.086319 227.73 (13)
MP2/6-3H-G** MP2/6-31+G** —283.689007 —284.040714 220.70 (9)
MP4/6-3HG** —283.747521 —284.100912 221.76 (14)
MP2/6-31G(2d,2p) —283.797132 —284.147207 219.68
MP2/6-311G** MP2/6-311G** —283.867289 —284.224152 223.93 (10)
MP4/6-311G** —283.932429 —284.290976 224.99 (15)
MP2/6-31HG** MP2/6-311+G** —283.882985 —284.233184 219.75 (11)
MP4/6-31HG** —283.948786 —284.300688 220.82 (16)
MP2/6-311G(2d,2p) —283.960018 —284.309278 219.16
MP2/6-31H1G(2df,2pd) —284.055550 —284.405171 219.39
MP2/6-311G(3df,2p) —284.067018 —284.415066 218.40
MP2/6-31H+G** MP2/6-311++G** —283.883500 —284.233836 219.84
B3LYP/6-31H+G** B3LYP/6-311++G** —284.529605 —284.878845 219.15

2For Gly(1)+ H* — GlyH*(1), PE= —AEe, WhereE(H") = 0 andAE. = E{(GlyH™) — E{Gly). ® Numbers in parentheses identify the points

on the line plots in Figure 2.
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Figure 2. Electronic protonation energies for the most stable conformer
of glycine calculated at various theoretical levels. [HF optimized
levels: 1, HF/3-21G;2, HF/6-31G*;3, HF/6-31G**; 4, HF/6-3HG**;

5, HF/6-311G**; and6, HF/6-31H-G**. MP2 optimized levels: 7,

MP2/6-31G*; 8, MP2/6-31G**; 9, MP2/6-3H-G**;
311G**; and1l, MP2/6-311G**. MP4 single-point levels:12, MP2/
6-31G*; 13, MP2/6-31G**; 14, MP2/6-31+G**; 15 MP2/6-311G**;
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Level

and 16, MP2/6-311-G**. See Table 1 for details.]

therefore accept the smaller 6-31G** set as the upper basis

10, MP2/6-

MP4 vs QCISD(T) and CCSD(T) using the 6-31G* and
6-311+G** basis sets (Table S-1). On the basis of these small
differences, we accept the lower MP4 level as the upper
correlation limit.

We next discuss trends exhibited by the PEs as a function of
basis set and the correlation method in Figure 2. The 16 selected
levels are separated into three groups based on theoretical
models: six HF optimized (HF Opt) levels, five MP2 optimized
(MP2 Opt) levels, and five MP4 single-point (MP4 SP) levels.
In each group the levels are arranged in order of increasing basis
size with the corresponding PEs connected in a line plot. On
the basis of the work on ammonia by Frisch et2&.we
anticipate that the larger the basis, the lower the PE, and the
closer the calculated PA or GB approaches experiment.

The zigzag plots of the three groups show similar patterns.
There is indeed a general decrease of PE as the basis expands;
but there are several irregularities. The sharpest decline occurs
at the beginning of the “HF Opt” group, points—t 2, where
an 18 kcal/mol drop from 3-21G to 6-31G* is seen. This
translates into an 18 kcal/mol greater deviation from experiment
for the HF/3-21G value as compared with the HF/6-31G* value.
The principal deficiency of 3-21G, as compared with 6-31G*,
is obviously the lack of d polarization functions on the oxygen
and nitrogen atoms to provide a proper description of these
highly electronegative atoms.

We observe in all three groups two similar aberrations in the

limit. Likewise, the QCISD(T) and CCSD(T) methods are basis expansions 6-31G* 6-31G** and 6-3#G** —
included as representatives of fairly complete correlation models. 6-311G**; both pairs reverse the expected trend of lowering
We find that the QCISD(T)/6-31G* and CCSD(T)/6-31G* PEs PE. These correspond to points23, 4— 5, 7— 8, 9— 10,

are only 0.04 kcal/mol different from the MP4/6-31G* PE for

12— 13, and 14— 15. The rise in PE is about 2 kcal/mol in

glycine (Table 1). Additional calculations on ammonia and “HF Opt” and is increased to more than 3 kcal/mol in “MP2
methylamine yield PE differences of less than 0.4 kcal/mol for Opt” and “MP4 SP”. The disproportionate PEs from the
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6-31G** and 6-311G** sets are likely to be caused by the p TABLE 2: Thermodynamic Properties for the Most Stable
polarization functions on the hydrogen atoms, which strengthen Conformers of Glycine and Protonated Glyciné

the N-terminus ionic N-H bonds and hydrogen bonding Gly(1)—
(NHz++-O or NH:--O) in GlyH"(1) more than their neutral property leved Gly(1) GlyH"(1) GlyH*(1)
counterparts in Gly(1). (See Figure 1.) In other words, the g, (kcal/mol) HF/3-21G 53.134 63.066 9.932
basis functions in these two sets are unbalanced with respect to HF/6-31G*  54.381  64.211 9.830
representing ionicity and hydrogen bonding. The addition of MP2/6-31G* 51.132  60.310 9.178
sp diffuse functions on the oxygen and nitrogen atoms to form E — Eo(kcal/mol) = HF/3-21G 3412 3.338 -0.074
HF/6-31G* 3.341 3.442 0.101

the next larger sets 6-31G** and 6-31H-G** appears to MP2/6-31G*  3.464 3.496 0032
correct this imbalance as the calculated PEs are significantly s cal/(k mol)) HE/3-21G 73.743  73.347 —0.396

improved?2°9b HF/6-31G*  73.470 74.894 1.424
A closer inspection of each line plot reveals two descending MP2/6-31G* 74.488  74.935 0.447
paths: (1) the high-PE path, 3-216 6-31G** — 6-311G**, Giherm (kcal/molP  HF/3-21G 30.556 39.673 9.117
HF/6-31G* 31.705 40.362 8.656

corresponding to points+ 3— 5, 8— 10, and 13— 15; and
(2) the low PE path, 6-31G*> 6-31+G** — 6-311+G** for
points 2— 4 — 6, 7— 9 — 11, and 12— 14 — 16. As the 2 All quantities at 1 atmEzp at 0 K; andE, S, andGiem at 298.15

i i K. The last column presents the difference in the calculated property:

latter em_ploys dlffus_e funzcgkl)ons on non-hydrogens favc_)rable to AM = M(GIyH") — pM(GIy).  Geame B 1 (E = E9 o RT —stp y
protonation CalCUIatlonggi’ we use the low-PE path in the whereEzp is scaled by 0.9135 for HF/3-21G and HF/6-31G* and 0.9646
subsequent GB calculations. for MP2/6-31G*.© Optimized level.

Following the low-PE paths of the “HF Opt” and “MP2 Opt”
groups, we note that the MP2 PEs become increasingly lower sets 6-3%G** and 6-31+G(2d,2p) at 220.70 and 219.68 kcal/
than the HF PEs of the same basis as the basis size increase#10l give a hint of rapid convergence. The PEs of triple-split
In other words, when the basis is larger, incorporating electron valence sets 6-3#G**, 6-311+G(2d,2p), 6-31%G(2df,2pd),
correlation in the theoretical model makes a greater impact onand 6-31#G(3df,2p) at 219.75, 219.16, 219.39, and 218.40
PE. Since a MP2 optimized level with a basis larger than kcal/mol show quite convincingly that convergence is nearly
6-31G* yields a lower PE than its HF counterpart, it is more athand. Lacking the computing power to test even larger basis
advantageous to pursue MP2 optimizations for bases larger tharsets, the 6-3tG(2d,2p) and 6-31+G(3df,2p) bases are
6-31G*. tentatively taken as upper limits for the respective double-split

Comparisons of the five “MP2 Opt” PEs of glycine to the and triple-split valence basis sets in PE calculations.
corresponding five “MP4 SP” values show a nearly constant ~Geometries. The geometrical parameters corresponding to
increase of ca. 1 kcal/mol in PE on going from MP2 to MP4. the optimized levels (column 1 of Table 1) are provided in
Further support is provided by the PE results shown for the Tables S-3 and S-4 for the neutral and protonated glycine as
protonations of Njand CHNH, in Table S-1. It is important Supporting Information. For the neutral species, geometries
to note that enhancement in the correlation level from MP2 to obtained previously have been thoroughly discus3égté our
MP4 is not affected much by molecular size, basis size, and results complement those published by Sehat al*?213and
hydrogen bonding. by Hu et al*® On the other hand, geometries for the protonated

We last discuss the use of “composite level” to obtain more species are relatively new; the MP2 results in particular are
accurate electronic energy by properly combining calculations important reference material for this emerging field of gas-phase
that improve both correlation level and basis set. [See, for ion chemistry. In view of the importance of these species as
example, the G2(MP2jand the focal-point (f§f procedures.] model compounds and the popularity of the chosen basis sets
Briefly, energy at the composite level "M2/B2" is deduced from in computational studies of medium-sized organic molecules,
energies calculated at the M2/B1, M1/B2, and M1/B1 levels a detailed discussion on the effects of the basis set and electron

MP2/6-31G* 31.170  39.922 8.752

on the same geometry: correlation on calculated geometries is presented in Appendix
S in the Supporting Information.
E.(“M2/B2") = E(M2/B1) + E(M1/B2) — E(M1/B1) Thermodynamic Properties. The thermodynamic properties

(5) Ezp, E — Eo, and S of the neutral and protonated glycine,
calculated with the two smallest basis sets (3-21G and 6-31G*),

Here M2 is a correlated level higher than M1, and B2 is a basis are presented in Table 2. The thermal contribution to Gibbs
set larger than B1. The cost f&(*“M2/B2”) is much lower free energyGinerm @ collective term that includes enthalpy and
than E¢((M2/B2) from a direct M2/B2 calculation at the same entropy (footnoté of Table 2), is also shown for the individual
geometry. In this study MP4 is the only higher correlated level species. The quantity directly entering the GB calculation is
(M2) taken into consideration. The selection of the extended the AGermterm for the change Gly(t)> GlyH™(1) in the last
bases (B2) is to be expounded below. column.

In previous studie’§2%it has been shown that PEs computed In calculating Grerm Ezp is scaled by the factor 0.9135 for
with double-split valence functions may be brought to better the HF levels and 0.9646 for the MP2 levels. These two factors
agreement with experiments by including diffuse functions, but were derived by Pople et & from fitting the zero-point energies
reliable values are assured only when triple-split valence basisbased on harmonic frequencies calculated from the HF/6-31G*
sets are used. Furthermore, the standard bases used as and MP2/6-31G* levels to the experimental zero-point energies.
benchmark for obtaining accurate PAs are on the order of The scaling factor compensates for the inherent deficiencies in
6-311+G(2df,2pd) and 6-31t+G(3df,3pd) at MP2 or higher  the theoretical model with respect to anharmonicity, electron
correlated levels. To test PE convergence, four basis setscorrelation, and basis set. Tle— E; and S terms inGiherm
extended from 6-3tG** and 6-31H-G** with additional however, are calculated with harmonic frequencies without
polarizations functions are investigated. Relevant energy corrections, as their contributions to GB are mifor.
quantities resulting from MP2 SP calculations using the new  In the past we estimated the thermodynamic properties either
sets are shown in Table 1. The PEs of double-split valence at the same level as or at a level below the level used for
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TABLE 3: Gas-Phase Basicities and BSSE Corrections for the Most Stable Conformer of Glycine: Comparisons with
ExperimentsP

geometry level GBd BSSE GB(B)
HF/3-21G HF/3-21G 216.02 3.65 212.37
HF/6-31G* 207.69 0.57
HF/6-31G* HF/6-31G* 208.39 0.46 207.93
MP2/6-31G* 207.75 (1)
MP4/6-31G* 208.70 (2)
MP2/6-3H-G** 205.33 (3)
“MP4/6-314+G**" 206.28 (4)
MP2/6-31G* MP2/6-31G* 208.39 (5) 1.89
MP4/6-31G* 209.25 (6) 2.04
MP2/6-3H-G** 205.73 (7) 2.90
“MP4/6-31-+G**" (w) 206.59 (8) 3.05 203.54
MP2/6-3HG** MP2/6-31+G** 205.67 (9) 291
MP4/6-31-G** 206.73 (10) 3.01
MP2/6-31-G(2d,2p) 204.65 (11) 2.44
“MP4/6-31+G(2d,2p)" ® 205.71 (12) 2.54 203.17
MP2/6-31H-G** MP2/6-311+G** 204.72 (13) 2.77
MP4/6-31H1-G** 205.79 (14) 2.92
MP2/6-311G(2d,2p) 204.13 1.99
MP2/6-311-G(2df,2pd) 204.36 1.95
MP2/6-311G(3df,2p) 203.37 (15) 1.11
“MP4/6-311-G(3df,2p)” o) 204.44 (16) 1.26 203.18
Gas-Phase Basicity
GB(B,Cy “MP4/6-31+G**” (w) 203.9
“MP4/6-31+G(2d,2p)” ® 203.5
“MP4/6-311+G(3df,2p)” V) 203.5
experimental NIST 203.7
mass spectrometty 202.5+ 2.8
Proton Affinity
PA(B,C) “MP4/6-3H-G(2d,2p)" ® 211.1
experimental NIST 211.8

aFor Gly(1)+ HT — GlyH™(1) at 298.15 K and 1 atm. All quantities are in kcal/moGB = PE — AGerm — 6.28; GB(B)= GB — BSSE;
GB(B,C) = GB(B) — CEE; PA= GB — TAS PA(B) and PA(B,C) are defined similarly. The PE afnGwem values are from Tables 1 and 2.
¢ Quotes denote a composite level. Letter in parentheses identifies a level of special iftdueshers in parentheses identify the points on the line
plots in Figure 3¢ The CEE andlTASvalues are-0.34 and—7.63, respectively. Reference 32¢ Reference 5b.

calculatingE.. For example AGihem at HF/3-21G, butE at protonation study, an approximate value of 9 kcal/mol deduced
HF/6-31G* or higher, was employed for simple peptides and from glycine and methylamine may be used.

glucoset89 It is therefore instructive to compare the three sets ~ Gas-Phase Basicity.For the protonation reaction 1, a more
of thermodynamic properties for glycine. Note especially that compact way to expresSG than eqs 24 is

the AGierm Values become comparable at all three levels after

scalingAEzp: the HF/3-21G value is ca. 0.5 kcal/mol higher AG = AE, + AGy,m T+ 6.28 kcal/mol (6)
than the two 6-31G* values, whereas the HF/6-31G* and MP2/

6-31G* values agree to within 0.1 kcal/mol. In the subsequent where

GB calculations, theAGinerm Value derived from a particular

geometry is applied to levels involving the same geometry. AGyerm= AE,p + A(E — Ep) — (298.15 K)E(G|VH+) —
When a geometry is optimized with a basis larger than 6-31G*, SGly)] (7)
the AGiherm Value derived for the 6-31G* geometry is used for

the larger calculation to cut cost. The major component kG is AE. (Table 1), which is about
Similar calculations for ammonia and methylamine, at the 20-fgld larger tham\Gnerm (Table 2). At ordinary temperatures
three levels for glycine plus the higher levels MP2/6+&* (around 300 K) the accuracy of the calculate@ depends more
and MP2/6-311‘G**, show close agreement in thAG[herm on the accuracy of the Ca_|cu|atafe than AGiherm
values (Table S-2). These results indicate that with proper The GBs are presented in Table 3 for selected levels. The
scaling theAGem value calculated at any level is about the first three levels are of practical interest to ab initio calculations
same for a given molecule. The major reason for the very small of |arger molecules. The HF/3-21G optimized level yields an
differences inAGiem from different levels is due to the very  ynacceptably high GB of 216.02 kcal/mol, but the next SP level,
small changes in the vibrational frequencies based on very HF/6-31G*//HF/3-21G*, results in a much improved 207.69
slightly changed geometries. This reason justifies in part the kcal/mol. The latter is only 0.30 kcal/mol different from the
use of AGierm from a lower level as a cost-cutting measure.  GB of the HF/6-31G* optimized level. The similarity between
Another worthy observation is a fairly consta¥G,ermfrom the two HF/6-31G* values, despite the noticeable difference
one molecule to another (Tables 2 and S-2). The averagebetween the HF/3-21G and HF/6-31G* geometries of GlyH
AGtherm in kcal/mol, over the HF/6-31G* and MP2/6-31G* (1) at the ammonium terminus, is favorable to GB calculations
values, is 8.7 for glycine, 9.2 for methylamine, and 9.8 for of larger molecules, as 3-21G may be the only affordable basis
ammonia. ThusAGuerm may be considered a “transferrable” for the geometry optimization step.
protonation property. In the event that direct calculations of  To explore special trends, 16 GBs corresponding to four
vibrational frequencies become too costly for an amino N- composite levels and their components are plotted in Figure 3.
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Figure 3. Gas-phase basicities for the most stable conformer of glycine
calculated at various theoretical levels. [HF/6-31G* geometriks:
MP2/6-31G*; 2, MP4/6-31G*; 3, MP2/6-314-G**; and 4, “MP4/6-
31+G**". MP2/6-31G* geometries:5, MP2/6-31G*;6, MP4/6-31G*;
7, MP2/6-3%G**; and 8, "MP4/6-3H4-G**". MP2/6-31+G**
geometries: 9, MP2/6-3H-G**; 10, MP4/6-3H-G**; 11, MP2/6-
31+G(2d,2p); and 12, “MP4/6-31+G(2d,2p)”. MP2/6-313G**
geometries:13, MP2/6-31H-G**; 14, MP4/6-31HG**; 15 MP2/6-
311+G(3df,2p); and16, “MP4/6-311G(3df,2p)". See Table 4 for
details. Horizontal straight lines: experimental values based on two
different basicity scales.]

Zhang and Chung-Phillips

The GBs of the three composite levels “MP4/6+33**” ( w),
“MP4/6-31+G(2d,2p)” &), and “MP4/6-311#G(3df,2p)” {y) are
206.59, 205.71, and 204.44 kcal/mol. The values show
convergence to lower GB as the basis expands at the MP4 level.
There is a clear signal that the theoretical GB is heading toward
the lower of the two experimental values, 202.5 kcal/mol.

The procedure for computing GB as described above is
incomplete owing to its neglect of the basis set superposition
error (BSSE) and the conformational equilibrium effect (CEE).
In the following two sections we investigate BSSE and CEE as
they apply to the GB calculation of glycine. These are
corrections that can be significant in principle but have not been
applied explicitly to glycine and larger molecules.

BSSE Correction. In previous PA studies on small mol-
ecules such as CHNHs;, H,O, HCN, and CGQ, it has been
demonstrated that BSSE is a significant quantity that should be
taken into account when high accuracy is des#&d2:30 In
this glycine study the BSSE corrections are estimated for the
majority of the levels (Table 3). ThE. of neutral glycine is
computed with a “ghost proton” present, i.e., using the basis
set for the protonated glycine:

BSSE= E(Gly in neutral basis}-
E.(Gly in protonated basis) (8)

After correcting for BSSE, the change in the electronic energy
for Gly — GlyH* becomes

The two experimental values are drawn as two horizontal lines AE, + BSSE= Ee(GIyH+ in protonated basis)

to show the high and low limits of the absolute GB. Theoretical

E.(Gly in protonated basis) (9)

levels selected for plotting are separated into four groups based

on geometries: HF/6-31G*, MP2/6-31G*, MP2/6-8G**, and
MP2/6-311#G**. In each group, the four points follow the
same sequence M1/B1, M2/B1, M1/B2, and “M2/B2” as defined
above for eq 5. Note that all four line plots have the tilted “Z”
pattern. Each “Z” consists of four points which follow three

Geometrical parameters for the ghost atom “H11” of Gly(1)
are derived from optimizations on the ammonium ion (NH
at the relevant theoretical levels. Details are provided in
Appendix S in the Supporting Information.

Results shown in Table 3 indicate that BSSE at the HF level

general trends: (a) a nearly constant rise of ca. 1 kcal/mol from js |arge for the 3-21G basis-é kcal/mol) but small for 6-31G*

point 1 to point 2 for the change in correlated level MP2

or larger basis<€0.6 kcal/mol). On the other hand, BSSE values

MP4 with the same basis, indicating greater correlation stabilizes at the MP2 and MP4 levels are similar for a given basis (around

GlyH™ more than Gly; (b) a drop of-43 kcal/mol from point

1 to point 3 for the change in basis Bt B2 at the same MP2
level, showing a larger basis stabilizes Gly more than GlyH
(c) a cancellation of the two opposing effects from upgrading

2—3 kcal/mol). The data also show that BSSE at a given
correlated level decreases with increasing basis size. At the
MP2 level, for example, BSSE decreases as the basis expands:
2.77 — 1.99 — 1.95 — 1.11 kcal/mol for 6-31+G** —

correlation and basis yields an overall decrease in GB from point 6-311+G(2d,2p)— 6-311+G(2df,2pd)— 6-311+G(3df,2p) at

1 to point 4 for the combined change, (MP2, B%) (MP4,
B2). An interesting consequence of trend (c) is the nearly
identical GBs of MP2/6-31G** and “MP4/6-31+G(2d,2p)”
in the third plot (points 9 and 12) and the very similar GBs of
MP2/6-311G** and “MP4/6-31H-G(3df,2p)” in the fourth
plot (points 13 and 16). A shortcut, therefore, is to take the
GBs of MP2/6-3#G** and MP2/6-31H1-G** optimized levels

the MP2/6-31#G** geometry.

Finally, the BSSE values for the three composite levels,
andy are 3.05, 2.54 and 1.26 kcal/mol, respectively, which show
convergence to lower corrections as the basis expands at the
MP4 level. After correcting the GB of Table 3 with BSSE,
i.e., GB(B) = GB — BSSE, the GB(B) values for the three
composite levels become almost equal, i.e., 203.54, 203.17, and

(points 9 and 13) to represent those derived from the respective203.18 kcal/mol (Table 3). Based on GB(B), lexelhich is

higher composite levels (points 12 and 16) without going
through the additional MP4 SP and MP2 SP calculations.
The similarity in the first two plots, which correspond to the
same composite level “MP4/6-31G**" but based on two
different geometries (HF/6-31G* and MP2/6-31G*), simply
points out the possible advantage of using a lower level
geometry to achieve nearly the same improvement. This
similarity, of course, depends on how “similar” the two

“MP4/6-31+G(2d,2p)"/IMP2/6-31+G**, is taken as the best
practical level for the GB calculation since it represents the
lowest level at which GB(B) converges.

For comparison with glycine, the BSSE results for ammonia
and methylamine are presented in Table S-1. Note the excellent
agreement between the BSSE values of all three molecules at
any given theoretical level. For example, the BSSEs are 2.44,
2.49, and 2.38 kcal/mol, respectively, for glycine, methylamine,

geometries are. Tables S-3 and S-4 show that the HF/6-31G*and ammonia at the MP2/6-31(2d,2p) level. This agreement
and MP2/6-31G* geometries are reasonably similar except for seems to suggest that the BSSE correction to the GB of an

the conformation of the ammonium terminus, which obviously
has an insignificant impact on the overall energy of the
protonated species.

R—NH; molecule with regard to N-protonation is nearly
independent of the type and size of substitute R. If this is the
case, the BSSE corrections obtained here may be used as
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TABLE 4: Electronic Energies, Gibbs Free Energies, and
Equilibrium Populations for Low-Energy Conformers of
Glycine and Protonated Glycine Calculated at the MP2/
6-31+G** Geometries?

conformer MP2/6-31-G**  MP4/6-3H-G**  MP2/6-31-G(2d,2p)
@) Ed(i) Ed(i) Ed(i)

Gly(1) 0.000 0.000 0.000
Gly(2) 0.726 0.869 0.392
Gly(3) 1.491 1.459 1.588
Gly(4) 1.323 1.369 1.307
Gly(5) 2.194 2.187 2.485
GlyH*(1) 0.000 0.000 0.000
GlyH*(2) 3.695 3.632 4.442
conformer “MP4/6-31+G(2d,2p)”
0] Eq(i) G(i) p(i)
Gly(1) 0.000 0.000 68.0
Gly(2) 0.535 1.288 7.7
Gly(3) 1.556 0.802 17.6
Gly(4) 1.353 1.451 5.9
Gly(5) 2.478 2.610 0.8
GlyH*(1) 0.000 0.000 99.9
GlyH*(2) 4.379 3.883 0.1

aUnits: Ec andG in kcal/mol;p in %. G andp are at 298.15 K and
1 atm. Relative t@5(1) = 0.000 for Gly(1) and GlyH(1), G(i) = Ec(i)
+ Giner(i), WhereEg in this table andGuerm in Table S-5 are used.

GIyH*(1) GlyH*(2) GIyH*(3)

neutral conformers are not explicitly included@ti) (footnote
Figure 4. MP2/6-31G* optimized structures for low-energy stable a of Table 4) on the assumption that they are all similar to the
conformers of glycine and protonated glycine, @y(= 1, ..., 8, and BSSE of Gly(1). The resulting(i) values depict an equilibrium
GlyH™ (). i =1, .... 3. composition 0f~70% Gly(1) and~20% Gly(3) for the neutral
glycine and roughly 100% GlyH21) for the protonated glycine.
Using thep(i) and G(i) values of Table 4, we obtained 0.347
kcal/mol for [G of GlyObut only 0.006 kcal/mol forlG of
GlyH*[because of the dominant presence of Gl at room
temperature. From eq 10, the CEE correction to the GB of

correction constants in future GB calculations for amines, amino
acids, and peptides.

CEE Correction. The CEE contribution to theAG of
protonation may be defined as

CEE= [G of GlyH' [ (G of Gly[l (10) g:ﬁrl]r;ﬁ;s determined to be0.341 kcal/mol, a relatively small
where[GOrepresents the average Gibbs free energy G(er The CEE correction generally differs from molecule to

of contributing conformersrelative toG(1) of the lowest energy ~ Molecule. For small molecules such as ammonia and methyl-
conformer 1: amine, there is one energy minimum for the neutral or

protonated species. For amino acids more complex than glycine,
G= i) G(i 11 conformers analogous to Gly(2), Gly(3), and Giy(d) may or
Zp() 0 (11) may not be important contributors to CEE because of the side
chain at C2 (Figures 1 and 4). In peptides, conformers with

The equilibrium populatiorp(i) for each conformeti at hydrogen bonding between the amino or ammonium group and
temperatureT is calculated by a Boltzmann expression the carbonyl or hydroxyl group located at two or more residues
away must involve ringlike structures larger than the five-
g GORT membered type in glycine. Examples of different conforma-
p(i) = ——— (12) tional possibilities for small peptides can be found in several
zefG(i)/RT recent publicationg#84¢-43 More importantly, conformers of
1

a protonated peptide are expected to be closer in energy to one
another than the special case of glycine, for which Glif2j is
To our knowledge, the potentially important contribution of some 4 kcal/mol higher than GlyHl). In diglycine, an
CEE has not been explicitly examined in previous protonation example has been found for two amino N-protonated species
studies. To study this effect on glycine, tp@) values for the being less than 0.5 kcal/mol apdrtin larger compounds,
eight neutral species and three N-protonated species shown irtherefore, we expect contributions made by protonated conform-
Figure 4 were evaluated using eqs-12 with the MP2/6-31G* ers to CEE to be as significant as those by neutral conformers,
values forEe, Ezp, E — Eo, andS (Table S-5). Those for Gly- and a cancellation of these two contributions results in a minimal
(6), Gly(7), Gly(8), and GlyH(3) conformers turned out to be  overall CEE correction to GB.
negligible. We then eliminated these four conformers and Comparisons with Experiments. After correcting the GB
searched for the energy minima of the remaining conformers of Table 3 with BSSE and CEE, i.e., GB(B,&)GB — BSSE
at the higher MP2/6-3LG** level. — CEE, the GB(B,C) values for the three composite levels of
The Eqi) of the five neutral and two protonated glycine interest are shown in Table 3. The ideal-gas basicity of glycine
conformers of the lowest energies, requisite for the equilibrium is 203.5 kcal/mol at the best practical level, “MP4/6+33-
calculations at the “MP4/6-31G(2d,2p)"/IMP2/6-3%G** (2d,2p)"IMP2/6-31-G**. Based on the body of evidence
level, are presented in Table 4. Note that BSSEs for individual gathered in this investigation, we believe this value to be
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TABLE 5: Selected Electronic Protonation Energies and BSSE Corrections for Ammonia and Methylamine: Comparisons with
Experiments?

NH3 CH;NH;
geometry level PE BSSE PE(B) PE BSSE PE(B)
MP2/6-31H-G** MP4/6-311+G** (Mx) 214.76 3.34 211.42 225.27 3.15 222.12
QCISD(T)/6-31H-G** (My) 214.99 331 211.68 225.57 3.14 222.43
CCSD(T)/6-31#G** (Mz) 215.03 3.31 211.72 225.61 3.12 222.49
MP2/6-3HG** MP2/6-31+-G(2d,2p) BX) 211.91 2.38 209.53 223.17 2.49 220.68
MP2/6-31H-G** MP2/6-311+G(3df,2p) 8y) 210.78 1.18 209.60 221.87 1.18 220.69
MP2/aug-cc-pVTZ B2 211.26 1.62 209.64 222.49 1.77 220.72
MP2/6-3HG** “MP4/6-31+G(2d,2p)” &) 213.05 2.50 210.55 224.33 2.60 221.73
MP2/6-31H-G** QCISD(T)/6-311-G(3df,2p) ©) 211.97 1.14 210.83 223.27 1.14 222.13
CCSD(T)/aug-cc-pVTZ 3 212.45 1.49 210.96 223.94 1.69 222.25
Gas-Phase Basicities
GB(B)® “MP4/6-31+G(2d,2p)” ) 194.6 206.3
QCISD(T)/6-311-G(3df,2p) ©) 194.8 206.7
CCSD(T)/aug-cc-pVTZ | 194.9 206.8
experimental NIST 195.8 206.6
Proton Affinities
PA(B) “MP4/6-31+G(2d,2p)” &) 202.8 213.8
QCISD(T)/6-311-G(3df,2p) ©) 203.0 214.3
CCSD(T)/aug-cc-pVTZ 3 203.2 214.4
experimental NIST 204.1 214.9

a All quantities are in kcal/mol. PE, BSSE, and thermodynamic data are from Tables S-1 and S-2=PB@B) BSSE. GB and PA are
calculated for 298.15 K and 1 atm. See footndiemndc of Table 3.° Level x is the same as leved for glycine in Table 3; MP2/6-31G* values
for AGiermandTASare 9.71 and-8.22 for NH; and 9.06 and-7.53 for CHNH,. For levelsy andz, MP2/6-31H#G** values for AGuermand TAS
are 9.75 and-8.22 for NH; and 9.13 and-7.59 for CHNH.. ¢ Reference 32c.

sufficiently accurate to serve as a benchmark for the experi- 205.7 kcal/mol, which yield a GB correction ef2.2 kcal/mol
mental GB values. Clearly, this theoretical GB favors the lower (Tables 1 and 2). This correction may be supplemented by the
mass spectrometric GB assigned by the Lias scale (202.5 kcal/BSSE change from HF/6-31G* to “MP4/6-315(2d,2p)” for
mol)3® It is in excellent agreement with the evaluated a total GB(B) correction of-4.3 kcal/mol (Table 3). The factor,
experimental GB of 203.7 kcal/mol by Hunter and Lias —4.3 kcal/mol, can now be used to correct the published “low-
published recently by the National Institute of Standards and level” GBs of GlyGly, GlyAla, AlaGly, and GlyGlyGI§ to
Technology (NISTF2¢ Furthermore, the respective theoretical improve their agreement with the mass spectrometric GBs
GBs of ammonia and methylamine at the same level, after adjusted to the new Lias sca¥. In this procedure, the error
corrected for BSSE, are 194.6 and 206.4 kcal/mol, in good lies mainly in the nontransferability of thAE. change from
agreement with the NIST values of 195.8 and 206.6 kcal/mol HF/6-31G* to MP2/6-3%G(2d,2p) owing to different molecular
(Table 5 belowf2¢ Using the MP2/6-31G* value for thEAS size and hydrogen bonding, as the MP2 to MP4, BSSE, and
term, the corresponding PAs are calculated to be 211.1, 213.9,AGyermChanges are intrinsically transferrable from one molecule
and 202.8 kcal/mol for glycine, methylamine, and ammonia, to another. The strategy as described may be adapted for other
respectively, which are in reasonable agreement with the NIST types of protonation.
values of 211.8, 214.9, and 204.1. A brief discussion on error  Density Functional Theory. DFT has been applied suc-
limits is presented in the last section. cessfully to the conformational analy$isind interpretation of
Assuming the theoretical GB of glycine (203.5 kcal/mol) is electron momentum spectroscopy experim&ma glycine. To
the true GB, the mass spectrometric GB based on the Meot-explore the potential use of DFT for protonation studies, we
Ner scale (207.0 kcal/mol) is 3.5 kcal/mol too high. In our applied the DFT (B3LYP) procedufewith the 6-3131-+G**
previous publications on the GBs of glycine, alanine, and their basis set for geometry optimizations of the lowest energy
peptides’*8the experimental GBs were assigned according to conformers of Gly and GlyH The resulting B3LYP/6-
the Meot-Ner scale and therefore were too high. The calculated311++G** geometrical parameters are in reasonable agreement
GBs were of the HF/6-31G* variety without BSSE and CEE with those of MP2/6-311+G** (Tables S-3 and S-4), except
corrections and therefore were also too high. The good for the dihedral angles of the ammonium hydrogen atoms in
agreement (in absolute magnitude) found earlier between thethe protonated species. In fact, B3LYP/6-31#G** produces
experimental and calculated values for these compounds isa GlyH"(T2) conformation for the global minimum similar to
therefore coincidental. HF/3-21G (Figure 1). The encouraging result is the DFT
Large Molecules. The data presented above for glycine may protonation energy, 219.15 kcal/mol, which is in good agreement
be used to set up a strategy for obtaining reasonably reliablewith the MP2 PE (219.84 kcal/mol) and superior to the HF PE
GBs of peptides. We follow a procedure suggested previdisly (222.00 kcal/mol) evaluated from the same 6-3#G** basis
to bring the GB of a large molecule calculated at a “low level” set (Table 1). Similar conclusions are reached for the B3LYP/
to a value comparable to that of a “high level” by using a 6-311+G** PEs of NH; and CHNH, as compared with their
correction factor. The factor equals the GB difference between MP2 and HF counterparts (Table S-1). In view of the economy
these two levels calculated for a related but smaller compound of using DFT for geometry optimizations, as opposed to MP2,
(i.e., a model compound). Suppose the “low level” refers to we recommend DFT (B3LYP) for protonation calculations of
AE; at HF/6-31G* andAGierm at HF/3-21G, while the “high large molecules.
level” corresponds taAE. at “MP4/6-31G(2d,2p)” andAGinerm Correlation-Consistent Sets. In several benchmark calcula-
at MP2/6-31G*. Using glycine as the model compound the tions on small molecules Dunning and co-workers showed that
“low level” GB is 207.9 kcal/mol and the “high level” GB is  the convergence behavior of the correlation-consistent basis sets
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cc-pWnZ and aug-cc-p¥iZ (n = 2—5) is remarkably systematic.  those of ammonia and methylamine, lead to the following
Moreover, the “complete basis set” estimated from these setsconclusions of practical importance to amino N-protonation
yields calculated properties in excellent agreement with experi- calculations.
ments when used with a high-level correlation method such as 1. The HF/3-21G geometries may be used to obtain reason-
CCSD(T)#® For this protonation study, consider CCSD(T)/aug- able thermodynamic properties and as host geometries for HF/
cc-pVTZ (2 as the ideal level where the basis is augmented 6-31G* calculations of electronic energies.
with more diffuse functions than a standard basis such as 2. The HF/6-31G* geometries are similar to HF geometries
6-311+-+G**. 2% To estimate the differences in GB(B) between of larger basis sets. Correlated-level calculations with extended
the ideal levek and (1) “MP4/6-3%#G(2d,2p)” &) as our best basis sets at the HF/6-31G* geometries generally lead to
practical level and (2) QCISD(T)/6-3#G(3df,2p) §) repre- improved accuracy.
senting our upper-limit level, we carried out numerous SP 3. The MP2/6-31G** and MP2/6-311G** optimized levels,
calculations for NH and CHNH; employing correlation as well as their HF counterparts, yield electronic protonation
methods and basis sets relevankiy, andz (Tables S-1 and energies (PEs) significantly larger than those from basis sets of
5). comparable size. The 6-31G** and 6-311G** basis sets are
The first six lines of data in Table 5 show variations of PE, therefore not recommended for protonation studies.
BSSE, and PE(B) with respect to changes in correlated level 4. The MP2/6-31G*, MP2/6-3tG**, and MP2/6-313%G**
(Mx, My, M2) while keeping the same basis 6-31G** and optimized levels, taken together as a series of MP2 levels with
changes in basis3§ By, B2) at the same correlated level MP2.  increasing basis size, produce PEs and geometrical parameters
Based on PE(B), the BSSE corrected PE, we note the maximumthat converge smoothly to a high level of accuracy. The HF
variations in kcal/mol are (1)-0.37 for MP4— CCSD(T) and counterparts show similar trends but reach a lower level of
—0.14 for 6-31#G(2d,2p)— aug-cc-pVTZ and (2)-0.06 for accuracy. As a compromise between cost and accuracy, MP2/
QCISD(T)— CCSD(T) and-0.04 for 6-311G(3df,2p)— aug- 6-31+G** is recommended for general protonation studies.
cc-pVTZ. Assuming the variations in PE(B) are roughly 5. The thermal contribution to GBAGwem Cchanges
additive, these numbers yield variations abetit5 forx — z insignificantly from one level to another and very little from
and —0.1 fory — z These theoretical variations are small ©one molecule to another.
compared with experimental errors (e.g., ca. 3 kcal/mol for the 6. Correlation enhancement from MP2 to MP4 (using the
mass spectrometric value on glydifén Table 3). We therefore ~ same basis at the same geometry) raises the PE consistently by
conclude that levels, y, andz all give very similar PE(B) and ~ about 1 kcal/mol for different molecules. Basis expansion is

consequently very similar GB(B) and PA(B), as shown in Table shown to lower the PE effectively toward better accuracy; but
5. Yet, in terms of cost, only level is practical for glycine. the rate of improvement differs with basis sets and molecules.

g At a composite level where correlation enhancement and basis

5 were evaluated with a complex procedure that depends on€*Pansion are built in for the purpose of improving accuracy,
the available experimental data. (See, for example, the stepdh€Se two effects cancel to a significant degree. Further

taken to evaluate the PA of ammonia, which has been used ascorrelation enhancement from MP4 to Ijighe_r c_orrg_lated levels
a standard for assigning absolute values of3¥j. The error such as QCISD(T) or CCSD(T) has relatively insignificant effect

limits for experimental PAs or GBs are usually around 3 kcal/ ©N the calculated PE. y
mol (cf. Table 3). The advantage of using a theoretical approach. /- The basis set superposition error (BSSE) at any correlated

to determine a gas-phase property is obviously the rigor attained'€Vel is a significant quantity even with a relatively Ia_rge basis
by not having to make imprecise corrections for the physico- set (ca> 1 kcal/mol). The BSSE at a given theoretical level

chemical interferences to the sample during experiments. TheStays fairly constant among different molecules. The BSSE-

errors in ab initio calculations may be estimated by systematic co'rected PE, PE(B), stays fairly constant for basis sets
deductions based on the quality of basis set and correla’tionComparable to or larger than 6-86G(2d,2p) at a given
treatment employed. Using the GB(B) of CCSD(T)/aug-cc- correlate_d level. ) ! . )

PVTZ as the limit, we deduce that the GB(B) from MP4/6- 8. This study is the flrs.t.to. examine the impact of BSSE
31+G(2d,2p) is about 0.5 kcal/mol too high, while an upgrade and the conformatlonal equilibria effect (CEE) on t_he calculated
to QCISD(T)/6-31%G(3df,2p) brings it close to the limiting ~ ©B ©Of @ medium-sized molecule such as glycine. For the
value (Table 5). The possible scatter in BSSE due to uncertaintyC"MCU[‘E‘;[ed GB Of. glycine at the MP4/6-3B(2d,2p)//MRZ/6-

in the geometrical parameters of the ghost atom may add anothe?1 TG composite level, 205.7 kcalimol, BSSE brings a
0.5 kcal/mol to the error (Appendix S). Thus an error limit of downward adjus_tment of 2.5 keal/mol, much larger than_the
1 kcal/mol may be assigned to the GB(B,C) of glycine from CEE u_pward adjustment of 0.3 kca_l/m(_)l._ These corrections
level x (Table 3). Extrapolating from Dunning’s wofR,we result in a GB of 203.5 kcal/mol, which is in good agreement

expect the error to be reduced to zero when a complete basisWIth the mass spectrometric GB of 202.5 kcal/mol.
set is used with the CCSD(T) wave functions.

The NIST values cited as experimental PAs in Tables 3 an

Concluding Remarks

Summary This study provides a comprehensive guide to ab initio
calculations of gas-phase basicity from low to high levels of
The calculated gaseous structures of the most stable conformtheory. It also demonstrates how a theoretical GB may be used
ers of glycine and protonated glycine are, respectively, sym- as a benchmark for evaluating the experimental GB. We hope
metric with NH+--O bonding and asymmetric with NHO these findings will build confidence in similar applications to
bonding at the MP2 level with the 6-31G* or larger basis sets. compounds beyond glycine, alanine, and their peptides.
Analyses have been made on the electronic energies and
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to a high level of accuracy. These results, supplemented byvalues of relevant molecules prior to publication, Dr. S. Mark



3634 J. Phys. Chem. A, Vol. 102, No. 20, 1998

Cybulski for helpful discussions on the BSSE correction, and
Dr. Alan Isaacson for critical comments on the CEE calculation.
We acknowledge the computational support of the Ohio
Supercomputer Center (OSC) and Miami Computing and

Zhang and Chung-Phillips

(19) Barone, V.; Adamo, C.; Lelj, Rl. Chem. Phys1995 102, 364.

(20) (a) Godfrey, P. D.; Brown, R. 0I. Am. Chem. Sod.995 117,
2019. (b) Godfrey, P. D.; Brown, R. D.; Rodgers, F. M.Mol. Struct.
1996 376, 65.

(21) Reva, |. D.; Plokhotnichenko, A. M.; Stepanian, S. G.; lvanov, A.

Information Services (MCIS) and the financial assistance of Y.; Radchenko, E. D.; Sheina, G. G.; Blagoi, Y.Ghem. Phys. Letl995
National Institute of the General Medical Sciences (Grant R15- 232 141; ErratumChem. Phys. LetlL995 235 617.

GM52670-01).

Supporting Information Available: Electronic energies,

protonation energies, BSSE corrections, and thermodynamic
properties for the protonations of ammonia and methylamine
in Tables S-1 and S-2; optimized geometrical parameters for
the most stable conformers of glycine and protonated glycine

(22) Neville, J. J.; Zheng, Y.; Brion, C. B. Am. Chem. Sod 996
118 10533.

(23) Bouchonnet, S.; Hoppilliard, YOrg. Mass Spectronil992 27,
71.

(24) Jensen, K. Am. Chem. S0d.992 114, 9533.

(25) Yu, D.; Rauk, A.; Armstrong, D. AJ. Am. Chem. Sod.995 117,

(26) Zhang, K.; Chung-Phillips, A. Submitted for publication.
(27) (a) Frisch, M. J.; Del Bene, J. E.; Raghavachari, K.; Pople, J. A.

in Tables S-3 and S-4; electronic energies, thermodynamic Chem. Phys. Lett1981 83, 240. (b) Del Bene, J. E.; Frisch, M. J.;

properties, and equilibrium populations for low-energy conform-
ers of glycine and protonated glycine at the MP2/6-31G*

Raghavachari, K.; Pople, J. A. Phys. Chem1982 86, 1529.
(28) DeFrees, D. J.; McLean, A. D. Comput. Chenil 98§ 7, 321.
(29) (a) Del Bene, J. E.; Shavitt,J. Phys. Cheml99Q 94, 5514. (b)

optimized level; and discussions on geometrical and BSSE pg| Bene, J. E.; Aue, D. H.: Shavitt.J. Am. Chem. Sod4992 114 1631.
parameters in Appendix S (8 pages). Ordering information is (c) Del Bene, J. EJ. Phys. Chem1993 97, 107.

given on any current masthead page.

References and Notes

(1) (@) Wu, J.; Lebrilla, C. BJ. Am. Soc. Sod993 115 3270. (b)
Wu, J.; Lebrilla, C. BJ. Am. Soc. Mass Spectrofr®95 6, 91. (c) Wu, J.;
Gard, E.; Bregar, J.; Green, M. K,; Labrilla, C. B.Am. Chem. So4995
117, 9900.

(2) (a) Bliznyuk, A. A.; Schaefer, H. F., lll.; Amster, I.J. Am. Chem.
So0c.1993 115 5149. (b) Gorman, G. S.; Amster, |.J.Am. Chem. Soc.
1993 115 5729.

(3) Zhang, K.; Zimmerman, D. M.; Chung-Phillips, A.; Cassady, C. J.
J. Am. Chem. S0d.993 115, 10812.

(4) Zhang, K.; Cassady, C. J.; Chung-Phillips,JA.Am. Chem. Soc.
1994 116, 11512.

(5) (a) McKiernan, J. W.; Beltrame, C. E. A.; Cassady, CJ.JAm.
Soc. Mass Spectrorh994 5, 718. (b) Cassady, C. J. Private communication,
1997.

(6) Wu, Z.; Fenselau, CRapid Commun. Mass Spectrof®94 8,
777.

(7) Bojesen, G.; Breindahl, T. Chem. Soc., Perkin Trans. 2994
1029.

(8) Cassady, C. J.; Carr, S. R.; Zhang, K.; Chung-Phillips]).AOrg.
Chem.1995 60, 1704.

(9) Jebber, K. A.; Zhang, K.; Cassady, C. J.; Chung-PhillipsJA.
Am. Chem. Sod 996 118 10515.

(10) (a) Carr, S. R.; Cassady, CJJAm. Soc. Mass Spectrot®96 7,
1203. (b) Ewing, N. P.; Zhang, X.; Cassady, CJ.JMass Spectroni996
31, 1345.

(11) Somogyi, A.; Wysocki, V. H.; Mayer, I. Am. Soc. Mass Spectrom.
1994 5, 704.

(12) (a) Scfiter, L.; Sellers, H. L.; Lovas, F. J.; Suenram, R.DAm.
Chem. Socl98Q 102 6566. (b) Suenram, R. D.; Lovas, FJJAm. Chem.
Soc.198Q 102, 7180.

(13) Ramek, M.; Chang, V. K. W.; Frey, R. F.; Newton, S. Q.; Seha
L. J. Mol. Struct.1991, 235, 1.

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

(15) Jensen, J.; Gordon, M. $. Am. Chem. S0d.991, 113 7917.

(16) (a) Frey, R. F.; Coffin, J.; Newton, S. Q.; Ramek, M.; Chang, V.
K. W.; Momany, F. A.; Scher, L. J. Am. Chem. S0d992 114, 5369. (b)
Ramek, M.; Momany, F. A.; Sclher, L. J. Mol. Struct.1996 375 189.

(17) (a) Csaza, A. G.J. Am. Chem. So4992 114, 9568. (b) Cssza,
A. G. J. Mol. Struct.1995 346, 141.

(18) Hu, C.-H.; Shen, M.; Schaefer, H. F., lll. Am. Chem. S0d.993
115 2923.

(30) Komornicki, A.; Dixon, D. A.J. Chem. Phys1992 97, 1087.

(31) Smith, B. J.; Radom, LJ. Am. Chem. S0d.993 115 4885.

(32) (a) Lias, S. G.; Liebman, J. F.; Levin, R. D. Phys. Chem. Ref.
Data1984 13, 695. (b) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes,
J. L.; Levin, R. D.; Mallard, W. GJ. Phys. Chem. Ref. Data Supp@88
17. (c) Hunter, E. P.; Lias, S. G. Evaluated Gas-Phase Basicities and Proton
Affinities of Molecules: An UpdateJ. Phys. Chem. Ref. Datfio be
published). See also: NIST Standard Reference Database Number 69,
Mallard, W. G.; Linstrom, P. J., Eds.; National Institute of Standards and
Technology: Gaithersburg, MD, 1997.

(33) Meot-Ner (Mautner), M.; Sieck, L. WI. Am. Chem. Sod.99],

113 4448.

(34) Szulejko, J. E.; McMahon, T. Bl. Am. Chem. Sod 993 115
7839.

(35) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB\Initio
Molecular Orbital Theory John Wiley & Sons: New York, 1986. See
relevant references therein.

(36) See, for example: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.;
Gill, P. M. W,; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.;
Petersson, G. A.; Montgomery. J. A.; Raghavachari, K.; Al-Laham, M. A,;
Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov,
B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin,
R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.;
Head-Gordon, M.; Gonzalez, C.; Pople, J.@aussian 94Gaussian, Inc.:
Pittsburgh, 1994.

(37) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Physl993
98, 1293.

(38) East, A. L. L.; Allen, W. D.J. Chem. Phys1993 99, 4638.

(39) Pople, J. A.; Scott, A. P.; Wong, M. W.; Radom,l&r. J. Chem
1993 33, 345.

(40) Schier, L.; Newton, S. Q.; Cao, M.; Peeters, A.; Alsenoy, C. V;
Wolinski, K.; Momany, F. A.J. Am. Chem. Soc1993 115 272.

(41) Alsenoy, C. V.; Cao, M.; Newton, S. Q.; Teppen, B.; Perczel, A.;
Csizmadia, |. G.; Momany, F. A.; Scfe, L. J. Mol. Struct. (THEOCHEM)
1993 286, 149.

(42) Bahm. H. J.J. Am. Chem. S0d.993 115 6152.

(43) Gould, I. R.; Cornell, W. D.; Hillier, I. HJ. Am. Chem. So4994
116, 9250.

(44) See, for example: Lee, C.; Yang, W.; Parr, R.Rbys. Re. B
1988 37, 785.

(45) See references cited in: (a) Peterson, K. A.; Dunning, T. HJ, Jr.
Chem. Phys1997 106, 4119. (b) Wilson, A. K.; Dunning, T. H., Jd.
Chem. Phys1997 106 8718.



