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High-level ab initio molecular orbital theory has been used to predict the proton affinitiegOoihid NH

at the CCSD(T) level with correlation-consistent basis sets through augmented quihfoplthe former

and augmented quadrupiefor the latter. Diffuse functions have been shown to yield faster convergence to
the complete basis set limit for the prediction of highly accurate proton affinities. For these two systems,
core—valence correlation effects are small, 0.13 kcal/mol, and were obtained from calculations with core
valence, correlation-consistent basis sets. The electronic component of the proton affinities are 171.56 kcal/
mol for HO and 211.97 kcal/mol for N4 The zero-point vibrational corrections were taken from experimental
values where available and from scaled theoretical values otherwise. The final proton affinity (PA) values
at 298 K are PA(HO) = 165.1+ 0.3 kcal/mol and PA(NkK) = 204.1+ 0.3 kcal/mol as compared to
experimental values of PA@®) = 166.5+ 1 kcal/mol and PA(NH) = 204+ 1 kcal/mol. The calculated
values together with our estimated error limits suggest that the experimental valugXas tdo high by 1.5
kcal/mol.

Introduction An inherent problem with the proton affinity scale is how to

. . .._anchor it. Although a large number of equilibrium measure-
Computational molecular science has made enormous St”desments of gas phase proton transfer processes have been made

over Fhe past 2 decades due_ to advances in hard_w_are, Sc’ﬂ""are'quite reliably, it is difficult to obtain absolute values with low
algorithms, and new theoretical methods so that itis now a full ghqqyte error bars because one is dealing with molecular ions.
partner with experimental methods. An area in which compu- g ihermore, each equilibrium measurement has errors associ-
tational chemistry is playing an ever increasing role is the one 40 with it and these can propagate along the scale. Absolute
of thermodynamlcs, especially thermoch(_amlstry. As thermo- o es with high accuracy can be established from theoretical
dynamic measurements become more difficult to make (€.9., nethods, especially for small systetn&or example, the lowest
due to the size of the molecules _and/or to the accuracies),,wn proton affinity of a neutral system, that of He, can be
demanded by needs such as chemical process models), cOMgg|cyjated very accurately since it is a two electron system: the
putayopal methods will become more and more important in proton affinity of H, can be calculated very accurately for similar
predicting thermodynamics properties. reasons. With normal molecular orbital methods, the only issues
Computational methods are now being used to define andor calculations on the He/HeHor Hy/Hs* systems are the
confirm accurate points on various thermodynamic scales. Oneadequacy of the basis set, since a full configuration interaction
of the most important scales is the gas-phase proton affinity (FC|) calculation is possible. However, the proton affinities
scale which is now 30 years oid. The proton affinity of A of the two electron systems are so low that they are of

(PA(A)) is defined as the negative dfH for the following importance mostly to the astrophysics community. The more
reaction (usually at 298K) interesting region of the proton affinity scale for many com-
pounds corresponds to values of PA150 kcal/mol.
A+H"—AHT (1) The typical anchor for the high proton affinity region has

been NH from various equilibrium measurements, many of
The significance of this scale is due to the importance of-acid which are based on the heat of formation of tiag-butyl cation
base chemistry, with proton-transfer reactions often being the (C(CHs)s™) and on photoionization measuremehitsThe proton
most important processes. There is still significant interest in affinity of NH3 at 298 K is now given as 204 1 kcal/mol. At
knowing the intrinsic molecular basicity of a molecule in order the lower end of this region is PAG®) = 166.5+ 1 kcal/mol
to understand how the surrounding molecular environment canat 298K, which has been well-studied, but the experimental
affect the ability of a molecular species to transfer or accept a measurements are quite difficult due to problems in obtaining
proton. This becomes very important when dealing with accurate pressure measurements gdH
complex processes, such as those at mineral/aqueous or organic There have been many calculations of the proton affinity of
liquid/aqueous interfaces or in acid/base catalysts such asH,O and NH;, and the most accurate through 1986 have been
zeolites. summarized and discusseédAt that time, the most accurate
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TABLE 1: Calculated Equilibrium Geometries and Energies for H,O and H3;O™

H.0 H;O*
method basis set Ee (h) re(OH) (A) 6(HOH) (deg) Ee (h) re(OH) 60(HOH) (deg)
exptk 0.9572 104.52 0.9758 111.84
HF aug-cc-pvDZ —76.041 844 0.9436 105.93 —76.318 580 0.9622 113.27
aug-cc-pvVTZ —76.061 203 0.9411 106.32 —76.340 777 0.9602 113.77
aug-cc-pvVQZz —76.066 676 0.9402 106.32 —76.346 600 0.9590 113.85
aug-cc-pV5Z —76.068 009 0.9400 106.34 —76.348 010 0.9588 113.88
MP2 aug-cc-pvDZ —76.260 910 0.9659 103.87 —76.530 062 0.9831 111.03
aug-cc-pvVTZ —76.328 992 0.9614 104.11 —76.600 209 0.9795 111.49
aug-cc-pvVQZz —76.351 919 0.9590 104.28 —76.623 204 0.9770 111.74
aug-cc-pV5Z —76.360 228 0.9584 104.33 —76.631 388 0.9764 111.88
CCSD aug-cc-pvDZ —76.268 633 0.9648 104.17 —76.540 846 0.9815 111.16
aug-cc-pvVTZ —76.333670 0.9587 104.43 —76.608 323 0.9769 111.66
aug-cc-pvVQZz —76.354 216 0.9556 104.62 —76.629 051 0.9742 111.97
MP4 aug-cc-pvDZ —76.274 512 0.9670 103.88 —76.545 032 0.9832 110.97
aug-cc-pvVTZ —76.343 678 0.9627 104.06 —76.616 107 0.9798 111.36
aug-cc-pvQZz —76.365 084 0.9605 104.23 —76.637 613 0.9771 111.65
aug-cc-pV5Z —76.371 847 0.9597 104.30 —76.644 304 0.9766 111.79
CCSD(T) aug-cc-pvDZ —76.273 903 0.9666 103.99 —76.545 198 0.9832 110.96
aug-cc-pvVTZ —76.342 325 0.9616 104.04 —76.615 655 0.9792 111.41
aug-cc-pvVQZz —76.363 587 0.9594 104.35 —76.637 019 0.9766 111.71
aug-cc-pV5Z —76.370 298 0.9584 104.43 —76.643 659 0.9761 111.84

aReferences 13 and 14.
calculated values for #D were in the range of 168169 kcal/ Results
mol and that for NH was 205.6 kcal/mol, both of which were
higher than the experimental values of 166.5 and 204.0 kcal/
mol. Since 1986, there have been significant advances in the
general availability of high-quality correlation methédsich
as coupled-cluster single and double excitations with perturba-
tive treatment of triple excitations [CCSD(T)] for treating the
n-particle space and important advances in the quality of atomic
basis sets for treating the 1-particle spaceurthermore, there
have been significant advances in measuring the vibrational
spectra of ions so that one can calculate reliable zero-point
differences$ In a report published after our work was com-
pleted, Martin and Leehave reported a high-level calculation
of PA(NH3) at the CCSD(T)/augcc-pV5Z level where the
accent mark'f indicates that the diffuse functions on H have
been omitted. They also teated the vibrational modes from
CCSD(T) quartic force fields including the effects of anhar-
monicity through second-order perturbation theory.

The total energies and geometry parameters fgD tdnd
H3O" are given in Table 1. For NHand NH,*, the corre-
sponding values are given in Table 2. The electronic proton
affinities are given in Table 3.

The geometrical parameters for® at the CCSD(T)/aug-
cc-pV5Z level, 0.9584 A for the bond distance and 102 #438
the bond angle, are in excellent agreement with the experimental
values of 0.9572 A and 104.528 The geometry shows a steady
improvement toward the experimental values with increasing
basis set at the CCSD(T) level. The geometries obtained with
lower levels of correlation show similar values and trends to
the CCSD(T) results. The geometry fog®i" is nonplanar with
experimental values of 0.9758 A for the bond distance and
111.3 for the bond anglé* The calculated values at the
CCSD(T)/aug-cc-pV5Z level are 0.9761 A and 112.84s
for H,O, the bond distance is in excellent agreement with the
experimental value but the bond angle shows a somewhat larger
deviation.

For NH; the calculations were performed up to the CCSD(T)/
. ) . aug-cc-pVQZ and CCSD(T)/cc-pV5Z levels. The bond distance

Calculations were performed with the Gaussiaf?%dnd and bond angle at the CCSD(T)/aug-cc-pVQZ level, 1.0126 A
MOLPRO-96* programs on SGI Power Challenge compute 54 106,61, are in excellent agreement with the experimental
servers and on the Cray C90 at NERSC (National Energy ) es of 1.0116 A and 10675 The CCSD(T)/cc-pVTZ and

Research Scientific Computing Center). The coupled cluster CCSD(T)/cc-pVQZ results are essentially identical to those
calculations included single and double excitations with a gpiained previously by Martin, Lee, and Taylr. It is

noniterative correction for triples [CCSD(T)] The one-particle  jpteresting to note that the error of more than°rsthe bond
basis sets were taken from the correlation-consistent basis Sebngle with the cc-pVQZ basis set is due to the omission of
family.” Unless otherwise noted, the nitrogen and oxygen (15) gfyse functions. For Nii (Tg), the best calculated value for
electrons were not correlated. Only the spherical componentsie pond distance. 1.0217 A. is longer than the value iy NH

of the d, f, and g functions were used. The geometries were 410t 0,01 A. Our results compare well with those of Martin
optimized at a variety of computational levels including MP2, 5.4 | e& who obtained values at the CCSD(T) level of 1.0316

MP4, CCSD, and CCSD(T) with the correlation-consistent sets g (cc-pVDZ), 1.0226 A (cc-pVTZ), and 1.0214 A (cc-pvQ2).
through aug-cc-pV5Z unless noted below. The frequencies for tyo calculated value also is in good agreement with the
H,0 and HO™ were calculated at the MP2/aug-cc-pVTZ level. experimental value of 1.020& 0.0020 A7

To estimate values at the complete basis set (CBS) limit, we
used a 3-parameter exponential fitting functfoaf the form:

Methods

The value ofAEgcfor eq 1 for A= H,O and NH; are given
in Table 3. Plots of the CCSD(T) values AEgjec for NHz in
Figure 1 show the different convergence behavior for the
augmented and unaugmented basis sets. For the augrzt-pV
basis sets, the effect of different correlation treatmentsfiMP
CCSD, and CCSD(T)] for Ngland KO is shown in Figure 2.

F(n) = Fegs+ B exp(—Cn) (2)

with n= 2, 3, 4, and 5 for DZ, TZ, QZ, and 5Z sets.
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TABLE 2: Calculated Equilibrium Geometries and Energies for NH; and NH4*+

NH3 NH4+
method basis set Ee (h) re(NH) (A) 0«(HNH) (deg) E. (h) re(NH) (A)
exptk 1.0116 106.7 1.0216 0.0020
MP2 cc-pvDzZ —56.382 497 1.0234 103.89 —56.730 684 1.0297
cc-pvVTZ —56.452 986 1.0113 105.95 —56.793 495 1.0211
cc-pvQZz —56.474 652 1.0096 106.49 —56.812 248 1.0199
cc-pVv52/Q2 —56.480 687 1.0098 106.89 —56.816 732 1.0202
aug-cc-pvDZ —56.404 884 1.0201 106.32 —56.739 780 1.0274
aug-cc-pvVTZ —56.460 531 1.0120 106.77 —56.796 151 1.0220
aug-cc-pvQZz —56.477 774 1.0100 106.96 —56.813 372 1.0203
MP3 cc-pvDzZ —56.396 156 1.0231 103.95 —56.746 115 1.0290
cc-pvTZ —56.464 293 1.0098 106.08 —56.807 205 1.0197
cc-pvVQz —56.483 509 1.0080 106.61 —56.823 897 1.0185
cc-pVv52/Q2 —56.488 214 1.0080 106.95 —56.827 387 1.0186
aug-cc-pvDZ —56.417 489 1.0193 106.33 —56.755 217 1.0268
aug-cc-pvVTZ —56.470 999 1.0103 106.80 —56.809 749 1.0205
aug-cc-pvVQZz —56.485 926 1.0082 107.01 —56.824 765 1.0188
MP4 cc-pvDz —56.402 103 1.0267 103.53 —56.751 798 1.0311
cc-pvTZ —56.473 429 1.0142 105.60 —56.815 170 1.0226
cc-pvQz —56.493 532 1.0127 106.14 —56.832 375 1.0215
cc-pVv5Z/Q2 —56.498 591 1.0128 106.49 —56.836 072 1.0218
aug-cc-pvDZ —56.425 165 1.0233 105.94 —56.761 337 1.0291
aug-cc-pvVTZ —56.480 945 1.0151 106.36 —56.817 871 1.0235
aug-cc-pvQz —56.496 277 1.0131 106.56 —56.833 291 1.0218
CCSD cc-pvDz —56.398 832 1.0254 103.85 —56.748 953 1.0306
cc-pvTZ —56.465 530 1.0117 105.96 —56.808 705 1.0211
cc-pvQz —56.484 354 1.0099 106.48 —56.825 061 1.0197
cc-pV5Z/Q2 —56.489 017 1.0099 106.81 —56.828 514 1.0199
aug-cc-pvDZ —56.419 957 1.0214 106.19 —56.757 699 1.0282
aug-cc-pvVTZ —56.472 201 1.0123 106.66 —56.811 166 1.0218
aug-cc-pvVQZz —56.486 781 1.0101 106.87 —56.825 901 1.0200
CCSD(T) cc-pvbDZ —56.402 794 1.0272 103.51 —56.752 667 1.0316
cc-pvTZ —56.473 189 1.0140 105.64 —56.815 326 1.0226
cc-pvVQz —56.493 048 1.0123 106.19 —56.832 373 1.0214
cc-pV52/Q2 —56.498 000 1.0123 106.55 —56.836 000 1.0216
cc-pv5Z —56.499 451 1.0121 106.53 —56.837 410 1.0211
aug-cc-pvDzZ —56.425 511 1.0236 105.94 —56.762 101 1.0295
aug-cc-pvVTZ —56.480 552 1.0148 106.40 —56.818 016 1.0235
aug-cc-pvVQZz —56.495 728 1.0126 106.61 —56.833 285 1.0217

aReferences 15 and 17The cc-pV5Z set was used on the nitrogen atom and the cc-pVQZ set was used on the hydrogen atoms.

Extrapolations of the total energies with subsequent subtraction171.43 kcal/mol foAEqe, For NHs, the extrapolated value is
to obtain AE or extrapolations of theAEs themselves as a 211.84 kcal/mol in excellent agreement with the extrapolated
function of the basis set by using eq 2 give essentially the samevalues of 211.78211.89 kcal/mol of Martin and Le®. We
result & 0.25 kcal/mol in the worst case). note here that we used an exponential extrapolation as compared
The AEgec values in Table 3 show some interesting trends. to Martin and Lee who also used the exponential extrapolation
For example, the proton affinity is converged6.1 kcal/mol as well as an empirically scheme based on the types of bond
of the complete basis set (CBS) limit for a given correlation pairs and the Lhax asymptotic limit three term expansion for
treatment at the aug-cc-pVTZ level. The unaugmented basisthe two-electron cusp.
sets (cc-pwiZz) do not converge as rapidly and even the cc-  To account for core-valence correlation effects, we carried
pV5Z result for NH; is not as converged to the CBS limit as  out calculations at the CCSD(T)/aug-cc-pwCVTZ Iédeising
the aug-cc-pVTZ value. Thus, as noted by otHefsdiffuse the CCSD(T)/aug-cc-pVTZ optimized geometries. With only
functions are important for predicting the last 1 to 2 kcal/mol the valence electrons correlated, we obtain 211.67 kcal/mol for
for proton affinities. The diffuse functions decrease the proton PA(NH;z), close to the value of 211.76 kcal/mol calculated
affinity by stabilizing the neutral molecule relative to the cation. without the core correlation functions, and 211.80 kcal/mol if
The different correlation treatments give proton affinities all electrons are correlated. Thus, the difference of 0.13 kcal/
within 1.5 kcal/mol of the CCSD(T) result. For NHhe MP2 mol can be added to our best extrapolated value to give
level underestimates the value dEgec by 1.2 kcal/mol, while PAciedNH3) = 211.97 kcal/mol in agreement with the range of
the MP4(SDTQ) result is within 0.3 kcal/mol of the CCSD(T) 211.9%212.02 kcal/mol given by Martin and L&erho used a
result. The MP3 and CCSD results overestimate the value of different basis set to treat core correlation corrections. k@, H
AEgecby 0.8 and 1.0 kcal/mol, respectively. Fop® similar the electronic proton affinity at the CCSD(T)/aug-cc-pwVTZ
results are found. The MP2 result underestimates the value oflevel with the valence electrons correlated is 171.34 kcal/mol
AEgec by 1.4 kcal/mol, and the MP4(SDTQ) result is 0.5 kcal/ as compared to a value of 171.47 kcal/mol if all electrons are
mol too low, compared to the CCSD(T) result. The CCSD correlated. The difference, 0.13 kcal/mol, is the same as for
result is, again, 1 kcal/mol too high. PAciedNH3), and we can add this value to the 171.43 kcal/mol
The most accurate results are expected to be those from thegiven above to obtain Py (H20) = 171.56 kcal/mol.
CCSD(T) calculations. For #0 at the CCSD(T) level, ex- To calculate the proton affinity at 298 K, we need to calculate
trapolation to the CBS limit based on the total energies gives both the zero point energy and the thermal correction fiom
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TABLE 3: Calculated Values of AEg for Predicting the a 214
Proton Affinities for H ,O and NH3 [
AEelec (HZO) AEelec(NH?)) [ —

method basis set (kcal/mol) (kcal/mol) 23 CCSD 1

MP2 cc-pvVDZ 218.49 = MP3 N
cc-pvTZ 213.67 g Ll 1
cc-pvQZ 211.84 El - CCSD(T) ]
cc-pv5Z/Q2 210.87 =, - /’_—‘ ]
aug-cc-pVDZ 168.99 210.15 = Luk /,‘MP“
aug-cc-pvTZ 170.19 210.60 r .
aug-cc-pvVQZz 170.23 210.59 L _—" 'MP2 ]
aug-cc-pVsZ 170.15 2100 ]

MP3 cc-pVDZ 219.60 I -
cc-pvTZ 215.18 [ 1
cc-pvQZ 213.60 o , , ,
cc-pV5Z/QZ 212.83 W97, 3 4 5
aug-cc-pvVDZ 17121 211.93
aug-cc-pvVTZ 172.69 212.57 n (aug-cc-p¥VnZ)
aug-cc-pvQz 172.™ 212.62

MP4 cc-pVDZ 219.44 b 1741 -
cc-pvVTZ 214.45 r ]
cc-pvQZz 212.63 3 :
cc-pV5Z/IQZ2 211.77 173 7

MP3

aug-cc-pvDZ 169.75 210.95 L CCSD i
aug-cc-pvTZ 170.95 211.42 172 CCSD(T) -
aug-cc-pvVQZz 171.01 211.48 [ Z
aug-cc-pVv5Z 170.97 C

CCsD cc-pvDzZ 219.70 mre of *
cc-pVTZ 215.35 N
cc-pvQZz 213.80 170l
cc-pV5Z/Q2 213.04 [

PAe (kcal/mol)

i IR

aug-cc-pvDzZ 170.81 211.94 [ ]
aug-cc-pVTZ 172.34 212.70 169 - -
aug-cc-pvVQZz 172.46 212.80 I ]
CCSD(T) cc-pvDZ 219.55 16—t , , L
cc-pVTZ 214.69 2 3 4 5
cc-pvQZz 212.93
cc-pV5Z/QZ 212.10 n (aug-cc-pVnZ)
ce-pVsz 212.07 Figure 2. Comparison ofAE.for the proton affinity of (a) NH and
aug-cc-pvDZ 170.24 211.21 (b) H:O calculated using the aug-cc-p¥ basis sets and MP2, MP3,
aug-cc-pvVTZ 171.51 211.76 MP4, CCSD, and CCSD(T).
aug-cc-pvVQZz 171.58 211.82
aug-cc-pV5Z 171.53 TABLE 4: Calculated Vibrational Frequencies (cm™?) for
2 The cc-pV5Z set was used on the nitrogen atom and the cc-pVQZ H20 and H;O" at the MP2/aug-cc-pVTZ Level
set was used on the hydrogen atofighe MP3 results for kD were symmetry we(calcy v(exptlpP
obtained at the optimized MP4 geometry and are given for complete-
ness. H20
& 3821.5 3656.6
220 1628.4 1594.6
3 .\ 1 by 3947.3 3755.8
, \ . HsO*
»1gle ' ] a 3601.7
I . 1 884.8 954.4 (525.8)
r > - e 3704.4 3536.0 (3519.4)
2 I ' ] 1692.2 1638.5 (1626.0)
§ 2161~ . . aReference 19 for WO frequencies® Reference 14 for O+
§ [ . ] frequencies. The values in parentheses are given because of the splitting
o | " ce-pVnZ J of the frequencies in 0 due to the low energy barrier to inversion.
£ 24 R 1
[ aug-ce-pVnZ " - i all of the vibrational modes except for thg)atretch have been
212+ T e - PO S measured:'*2! We use the zero-point energy for the)'Ja
. . inversion mode of 376.3 cm reported by Oka and co-
L, i workers!* For the (e) degenerate stretches and bends, we use
210 é é "1 5‘ 0.5v0+—1+ giving a contribution of 1768 cmt for the stretch
and 813 cm? for the bend. To obtain an estimate for the
n symmetric stretch, we calculated the harmonic frequencies at
Figure 1. CCSD(T) values 0fAEe for the proton affinity of NH the MP2/aug-cc-pVTZ level for D and HO'. The values
calculated with the cc-phZ and aug-cc-pviZ basis sets. are given in Table 4. The scale factors for the) @ode in

H.0 is 0.955 and the scale factor for the (€) mode §OHis
= 0 Kto T =298 K. The zero-point energy forJ can be 0.957, so we averaged the two to obtain a scale factor for the
taken from the known experimental frequenciés-or H;O* (ay) stretch in HO*. This gives a value of 3443 cthand a
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zero point energy of 1721.6 cth The HO—H30" zero-point
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elegant approach of Martin and Lee yields a more accurate

energy difference is 7.87 kcal/mol, which can be compared to representation of the zero-point energy difference but cannot

the value of 8.13 kcal/mol given by Botschwitfa.Use of our
AEzpe value gives a predicted PAGD) = 163.7 kcal/mol at O

be applied in general to larger, asymmetric molecules due to
its computational expense. Our approach of using experimental

K. Botschwina has previously reported a value of 164.2 kcal/ frequencies or scaled theoretical frequencies can be applied more

mol in good agreement with our value.

broadly and, as demonstrated here, yields results within 0.15

Conversion of the energy to an entha|py at 298 K involves kcal/mol if those of Martin and Lee. Because of the modest
adding the translational, rotational, and vibrational temperature- Parrier height for NH inversion, the thermal vibrational energy
dependent energy terms as well as thé/Rerm, which is—RT ~ correction is essentially zero. Thus, PA(jJH= 204.1+ 0.3
assuming ideal gas behavior, to the above value of BAJH kcal/mol where the error limits come from our zero-point energy
To an excellent approximation, we can take the translational €Stimates. Again, it is likely that the largest source of error in
and rotational energy terms to have their classical values. the calculation of PA(NK) is associated with the zero-point
Excluding the temperature dependence of the vibrations, we €nergy difference. This value is n excellent agreement with
obtain PA(HO) = 165.2 kcal/mol. However, it is not possible  the experimental values of 204 11 and 203.6+ 1.3 kcal/

to ignore the vibrational temperature dependence because ofnol° as well as with the value of 203.9- 0.3 kcal/mol
the low inversion energy of #0*. Direct summation of the  Calculated by Martin and Le®.Other calculated values include

inversion frequency gives a correction of 0.13 kcal/mol, the value of 204.0 kcal/mol obtained by DeFrees and McBean
lowering the proton affinity to 165.1 kcal/mol at 298 K. We and t?ge values of 203.2 and 203.7 kcal/mol obtained by Del
estimate that the error in the zero-point correction is less than Bene:* The G1 value for PA(NK) is 204.2 kcal/md¥ and

0.3 kcal/mol, giving a final value of PAG®D) = 165.1+ 0.3 the G2 value is 204.0 kcal/mét,both in good agreement with
kcal/mol. We note here that the treatment of the zero-point OUr values. All of the work points to a reliable value of 284
energy difference is the largest source in the calculation of 0-5 kcal/mol for PA(NH). The slight variations among the
PA(H,0). This can be compared to the experimental value of theoretical values could be due to differences in geometries and

166.5 kcal/mol which has error limits of at least 1 kcal/mol.
We would thus favor a lower value for PA{B), closer to 165

kcal/mol. Our value is in better agreement with the photo-

ionization work of Ng et af.who report 165.8t 1.8 kcal/mol.
Other theoretical results for PA(R) are similar to ours. Del

Bené® has reported an MP4 value of 163.8 kcal/mol and a

CCSD(T) value of 164.2 kcal/mol, both of which are low by
about 1 kcal/mol compared to our value. DeFrees and M&ean

reported a value of 165.1 kcal/mol, essentially identical to our

value. The G1 vali¥ for PA(H,0) is 164.8 kcal/mol and the
G2 valué® is 164.6 kcal/mol, both of which are in good

agreement with our value. For proton affinities, we note that

there are no empirical correction factors for these methods. The
other calculated proton affinities have been based on geometrie
calculated at a variety of levels and zero-point energy differences
calculated at different levels. The differences in the calculated

values for PA(HO) could be due to the differences in geometry
or in zero-point energy treatment.

For PA(NHs), the zero-point energy for NHis well-
established but only the values of the) (bend and stretch
frequencies are known experimentally for Nt¥¢ The zero-
point energy for NH was taken as one-half the observed
frequencied? which yields 20.61 kcal/mol. For NH, the zero-
point energies for the {t modes are taken as @$%.; and are
1672 cmi* for the stretch and 724 crh for the bend. We can
obtain the missing frequencies for NHfrom the CCSD(T)/
TZ(2df,2pd) calculations of Schaefer and co-workém the
vibrational spectra of Nkland NH;* and use the same type of
scaling model as used above fog®f. For NH;, we obtain a

scale factor of 0.97 for the (e) bend and the same scale factor

for the () bend in NH™. We can thus use this scale factor for
the (e) bend in N, giving a frequency of 1689 cd. The
scale factor for the £} stretch in NH* is 0.956 and the scale
factors for the (g stretch in NH is 0.961 and for the (e) stretch

is 0.957. Averaging these values gives a scale factor of 0.958

for the (a) stretch in NH* giving a value of 3235 cmt. This
results in a zero-point energy for NHof 29.98 kcal/mol and

S

treatment of zero-point effects as well as differences in the
treatment of the electronic energy differences.

On the basis of our calculated PAs, the energy difference
PA(NH3z) — PA(H,0) = 39 + 0.6 kcal/mol as compared to the
experimental value of 37.5 kcal/mol. The experimental differ-
ence, as we noted above, is probably too small because of the
error in PA(HO).
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