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The temperature dependence of absolute gas phase acidities
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Abstract

Using both ab initio and semiempirical calculations, the temperature dependence of the thermochemical cycle relating gz
phase enthalpies of acidity to electron affinities and bond dissociation energies is examined. In almost all cases, the effect
temperature is less than the uncertainties in the thermochemical quantities themselves. (Int J Mass Spectrom 195/196 (20(
215-223) © 2000 Elsevier Science B.V.
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1. Introduction IE(H)
A-+H- ——A-+H" +e

The majority of the techniques [1] that are used to
determine numeric values for gas phase acidities [2] AHacidAH) = BDE(A—H) + IE(H-) — EA(A) (1)
yield relative acidity values [3]. To assign absolute
values to these scales of relative acidities, a thermo- ~ There is an assumption built into this thermo-
chemical cycle has most commonly been used. This chemical cycle, however, that has not been experi-
cycle relates the enthalpy of acidiyH,.(AH) to (1) mentally tested. The enthalpy of acidity and the bond
the homolytic bond dissociation energy of the acid dissociation energy are quantities commonly available
AH, BDE(A — H), (2) the ionization energy of the at 298 K. lonization energies and electron affinities
hydrogen atom, IE(H, and (3) the electron affinity of ~ [4,5] are usually reportedsa0 K threshold values,

the A radical, EA(A), as shown in Scheme 1. because the 0—0 transition is relatively easy to assign
in the experiments measuring these values. Obtaining
AH_(AH) . i
AH aci A+ H* a_298 K value for th§§e quz.;mtltles, frpm an analysis of
higher energy transitions, is more difficult. Values of
| BDE(A—H) T —EA(AY) the EA and IE at 298 K are technically needed for

Scheme 1, because most of the available experimental
gas phase acidities were either measured near that
- _ temperature, or at higher temperatures (500—600 K)
* Corresponding author.

Dedicated to Bob Squires for his many seminal contributions to 18] @nd then rela_ted to 298 K. In _Order to justify the
mass spectrometry and ion chemistry. use of 0 K data in a thermochemical cycle set at 298
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Table 1

Ab initio results, analyzed with unscaled vibrational frequencies

Systent LeveP AIHC 504" EAS EAseq IHC(X-)9 IHC(X™)"
HO™ HF 0.00 —34.57 —34.57 2.074 2.074
HO™ MP2 0.00 38.30 38.30 2.074 2.074
MeO™ HF 0.05 —21.56 —21.52 2.447 2.395
MeO™ MP2 0.05 33.37 33.41 2.463 2414
EtO™ HF 0.34 —19.30 —18.96 3.245 2.901
EtO™ MP2 0.15 37.24 37.40 3.114 2.961
MeCQ, HF 0.04 28.41 28.46 3.331 3.296
MeCQ, MP2 0.09 79.79 79.88 3.449 3.357
PhO™ HF 0.14 —-4.77 -4.61 3.780 3.636
NH5 HF 0.00 —50.30 —50.30 2.371 2.371
NH; MP2 0.00 9.96 9.96 2.373 2.373
Me,N™ HF 0.38 —40.06 —39.66 3.480 3.104
Me,N™ MP2 0.42 7.03 7.45 3.566 3.146
H,NNH™ HF -0.12 -57.10 —-57.21 2.509 2.629
H,NNH™ MP2 —0.06 —9.09 -9.16 2.565 2.626
MeNHNMe™ HF 0.09 —49.42 —49.33 3.997 3.906
MeNHNMe™ MP2 0.10 —6.04 —5.95 4.096 4.000
CH3 HF 0.25 —57.03 —56.78 2.633 2.383
CH3 MP2 0.11 -8.74 —8.62 2.531 2.424
MeCH, HF 0.31 —58.11 —57.81 3.001 2.696
MeCH; MP2 0.23 -14.11 —13.88 3.018 2.784
Me,C™ HF 0.50 —54.45 —53.94 4.418 3.916
Me,C™ MP2 0.46 —7.93 —7.47 4.432 3.973
PhCH, HF 0.01 —38.76 —38.76 4.050 4.037
MeCC™ HF 0.06 12.68 12.73 2.947 2.888
MeCC™ MP2 —0.30 69.11 68.81 2.848 3.148
MeS~ HF 0.07 8.21 8.28 2.546 2.475
MeS™ MP2 0.07 32.56 32.63 2.563 2.497

2Anion of the anion/radical pair.

b HF: HF/6-31G()//HF/6-31G(); MP2: MP2/6-31G(d, p)//MP2/6-31+G(d, p).
¢In Hartrees.

d Discrepancy of Egs. (8) and (9), kcal mdl

€ AHy(X:) — AH(X7), eV.

FAH,o4(X?) — AH,0¢(X7), €V.

9 AH,og(X:) — AHy(X:), kcal mol™.

M AH,og(X™) — AHy(X™), kcal mol™2.

K, it has been assumed [7] that there is negligible EA(A:) = A;H(A:) + AfH(e") — A{H(A™) (5)
temperature dependence of the enthalpy of electron

transfer reaction (2) and because the integrated heat capacity ¥d¢
At H A+ HY 2) defined as
IHCt (X) = Af Hy (X) = Af Hok(X) (6)

This is equivalent to

IEzgidH) — EAzog(A?) = IEqc(H) — EA(AY) then for (2) to be temperature independent, Eq. (7)
) must hold
Now, because
IHCr (H) — IHCy (H") = IHCr (A") — IHC (A)
IE(H) = A H(HY) + AjH(e") — A(H(HY)  (4) g
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The evaluation of IHG(H™) and IHG; (H:) is
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have bound excited states, these are usually 15 kcal

straightforward, based on a statistical mechanics eval- mol~* or more above the ground state, where they

uation. The exact numeric value for the proton de-
pends slightly on the convention used for ion thermo-
chemistry [8], but in either convention, both
integrated heat capacities are about 1.481 kcal Mol
[9], and cancel within a few cal mot. Thus, to verify
assumption (3), it is sufficient to show that

IHC; (A7) = IHC; (A (8)

would have negligible effect.

Experimental evaluation of integrated heat capac-
ities is difficult for reactive species such as single ions
and radicals. We have therefore utilized molecular
orbital calculations as an approach to determining
how effective the cancellation of vibrational and
rotational effects might be.

to within some desired accuracy, on the order of the 5 ~,culations

uncertainty for the whole cycle in Scheme (1). Using

a temperature-dependent version of Eq. (5), it can be

shown that this is equivalent to
EAzosx(A) = EAxk(AY) 9)

Any deviation from this condition will be referred to
as a “discrepancy.”

The ab initio calculations were carried out with use
of the caussian 94 series of programs [12] on a
Convex 3820 and Cray C90 computer. Each species
was fully optimized at both the HF/6-31@&) and
MP2/6-31+G(d, p) levels of theory in order to assess
the effects of basis set size and electron correlation on
the results. The cores of the heavy atoms were kept

Lias and Ausloos [10] presented an argument frozen for the MP2 calculations [13]. Normal-mode
based on statistical mechanics [11] that rationalized yiprational frequencies were obtained at both levels of
the near equivalence of the integrated heat capacity of theory in order to confirm that the optimized struc-

a species M and its radical ion ™ The translational

tures are equilibrium structures and to determine

and rotational integrated heat capacities cancel for the zero-point energies (ZPEs) and heat capacity correc-
ion and neutral, because of the essentially identical tions [14]. The enthalpy of each neutral molecule and
masses and near-equivalent gross structures. The vinegative ion was determined using both scaled and

brational integrated heat capacity will depend some-

unscaled frequencies. The HF/6-3HpB@nd MP2/6-

what on the changes in bonding associated with the 31+G(d, p) vibrational frequencies were scaled by

removal of the electron, and whether it is from a
bonding or nonbonding orbital, but the majority of
vibrations will cancel reasonably well. The electronic

the usual factors of 0.8929 and 0.9427, respectively
[15].
The semiempirical calculations were carried out

term may be appreciable, because of the possibility of using thevorac 6 package [16] at the AM1 level [17].

low-lying electronic states in M and M. However,
Lias and Ausloos concluded that below 400 K, only

These included calculations on the acid forms, to
calculate the various thermochemical parameters for a

splittings of the energies of degenerate states on theseries of anions and the corresponding radicals and

order of 0.05-3.0 kcal mof can contribute signii

conjugate acids, many of which were too large to

cantly to the heat capacity and heat of formation of a handle at the ab initio level. All geometries were fully
species. The maximum change in the heat of forma- optimized at the “precise” level. Certain radicals,

tion, with a splitting of~1.0 kcal mol ™%, is only 0.2
kcal mol't. Thus the electronic term is probably
negligible. It was thus expected that for M and'M

notably isopropoxy, proved incapable of convergence
under any conditions in the force calculations.
Although it is well established that AM1 does not

the difference in integrated heat capacity would be yield accurate absolute gas phase acidities, especially

small. For A" and A in the present work, a similar set

in the cases of acids with localized anions and small

of arguments should hold. Although such anions may (di- or tri-atomic) species [18], it still provides rea-
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Fig. 1. Temperature dependence of the integrated heat capacity from MP2 ab initio calculations vs. experimental gas phase anion prot
affinity.

sonable acidity values for many functional groups. It ature effects in Scheme 1 is limited to a few struc-
is also amenable to calculating the large structures tures, or is more general. Small localized species
examined here as possible cases where Eq. (8) might(CH;, NH,, HO, HS") were included, plus alky
not hold. lated and substituted derivatives [MeQ EtO,
The results of the ab initio calculations are givenin tBuO~, CF,CH,O , (CF;);CO, PhO, Me,N",
Table 1 and Fig. 1, and the semiempirical ones in MeS™), carbanions (MeCH, Me;C™, cyclopentadi
Table 2 and Fig. 2. For the ab initio calculations, enide’, PhCH,, MeC=C"), carboxylates (MeCQ,

scaling the frequencies by the usual factors made aCF,CO,), and enolate-type species
worst-case change in thtdHCs of 0.029 kcal mol* (CH,=C(CH;)O~, CH,~C(CF;)O~, PhN=-C(Me)O].

[for MesC™ at the HF/6-31CGq) level] from the Certain species were included because it was
unscaled integrated heat capacities, and a root meanthought that there might be an appreciable difference
square (rms) change of 0.011 kcal mb{combining  in internal rotation between the radical and anion.
the data from both levels). We thus use the unscaled Such cases would be likely candidates for the failure
values alone. of Egs. (8) or (9). MeNHNMe and HLNNH™ are two

such structures: there should be a considerable barrier
to rotation in the radical, due to delocalization of the
3. Discussion radical site to the adjacent equivalent two-electron
lone pair, that is not possible in the closed-shell anion.
The molecules chosen for inclusion in this study Other species that had major torsional effects due to
range over a variety of structural types, in order to large rotors were paired with rigid equivalents, such
examine whether the possible cancellation of temper- as PBCH™ versus fluorenide. Deprotonated acetani
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Table 2
AML1 results

AHacidg
Systent AIHCP S8AH; © EAY AC.® AS expt AM1
HO™ 0.000 15.055 42.147 0.000 0.047 390.7 410.8
MeO™ 0.030 34.804 36.205 0.405 0.184 381.8 384.2
EtO™ 0.133 35.808 39.549 0.961 0.768 378.3 383.1
tBuO™ 0.177 41.574 44.092 0.209 1.815 374.6 383.1
CF,CH,O™ 0.085 60.419 58.900 0.324 1.607 361.7 355.2
(CRy),CO™ 0.582 99.487 87.000 1.960 6.235 331.6 332.3
MeCGO, 0.081 71.340 70.800 0.375 0.603 348.6 353.3
PhO™ 0.167 45.674 51.9%5 0.790 1.159 349.2 346.7
CR,CO, 0.007 103.942 95.800 0.028 -0.074 323.8 321.1
NHZ 0.000 —14.739 17.896 0.017 —-0.094 403.6 425.5
Me,N™ 0.207 3.629 8.700 0.464 2.604 396.4 393.7
MeNHNMe ™ 0.297 —-4.273 — 0.802 5.138 — 382.5
CH3 -0.179 —27.768 1.845 —0.885 —0.942 416.7 432.2
MeCH; 0.049 —16.360 —6.000 -0.171 4.797 420.1 417.6
Me;C™ 0.055 —5.697 —3.600 0.384 1.520 413.1 398.0
PhCH, 0.121 17.782 21.031 0.616 0.673 380.6 372.0
Ph,CH™ 0.203 28.924 31.400 0.937 1.782 363.6 352.8
CsHs 0.167 36.741 41.186 1.164 0.907 353.9 353.8
Fluorenide 0.156 40.015 43.100 0.794 1.085 351.7 347.5
CH,=C(Me)O~ 0.184 28.837 40.51'8 0.860 —0.598 369.1 370.6
PhN=C(Me)O™ 0.193 52.104 65.100 0.940 1.274 347.5 346.2
CH,=C(CR;)O™ 0.198 54.434 59.500 0.600 1.812 349.2 345.0
MeCC™ 0.193 56.770 62.678 0.641 1.269 381.0 397.2
HS™ 0.110 55.990 53.431 0.003 0.015 351.2 352.6
MeS™ 0.059 46.252 43.146 0.561 0.215 356.9 353.1

2 Anion of the anion/radical pair.

b Discrepancy of Egs. (8) and (9), kcal mdl

CAH(X) — AH(X ™), kecal mol™?, AM1, corresponding to the electron affinity.
9 Experimental electron affinity, kcal mot [3].

eCp(X:) — C,(X7) at 298 K, cal mot* K™%, AML1.

fS(X:) — S(X7) at 298 K, cal mol* K=, AM1.

9 Gas phase acidity, 298 K, kcal mdl Experimental from [3].

" Experimentally determined, [3].

" From an inversion of Scheme 1.

lide, PhN=C(CH,;)O ", was included, because it-ap case” IHC for 1,2-dimethylhydrazide is only 0.10 kcal
pears from the temperature dependence of experimen-mol~*. The value for HO agrees with that in the
tal gas phase acidities [19] that there may be an standard thermochemical references [9,20] to within
appreciable heat capacity effect on this acidity: unlike 50 cal mol'%, when corrected to the same standard
most other gas phase acids, its acidity changes appre-state [8]. From Fig. 1 it is evident that the propynide
ciably between 300 K and 600 K. is an outlier relative to the other points, but the anion
For the ab initio quantities, the discrepancy in Egs. and radical are also of a unique type compared to the
(8) or (9) ranges from-0.3 kcal mol'* (MeC=C") to others. Similarly, at the AM1 level, the discrepancy
0.5 kcal mol'* (MesC™) at the MP2 level. Although  ranges from 0—0.30 kcal mot, with outliers of CH
the AIHC values are not identical for the HF and MP2 at —0.18 and (CE),CO™ at +0.58 kcal mol*. The
calculations, the overall trends and conclusions are latter is probably due to a flaw in the semiempirical
the same for both sets of data. The expected “worst- method; for (CE);CO™ the C-C and C-O bond
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Fig. 2. Temperature dependence of the integrated heat capacity from AM1 calculations vs. experimental gas phase anion proton affinity

lengths are calculated at the AM1 level to be 1.62 A
and 1.27 A, respectively, compared to the more
reasonable values of 1.55 A and 1.32 A, respectively,
in (CH;);CO™.

There is a slight trend in the ab initio values of
larger molecules within a class having larger discrep-
ancies: NBNH™ < MeNHNMe ™, HO™ < MeO™ <
EtO", NH, < Me,N™, and CH < MeCH, <
Me;C™. The total range here, however, is only at most
0.40 kcal mol*. Similar tendencies are observed in
the AM1 results.

As a check on the reliability of the calculations, it
is noted that the ab initio values at the MP2 level
reproduce the experimemt@ K electron affinities
with a standard deviation of 0.30 eV (0.28 eV if the
third-row anion MeS is omitted). If the small anions
HO™, NH;, and CH, are omitted [18], the AM1
method vyields electron affinities with a standard
deviation of 0.23 eV from the experimental values. A
reasonable correlatiorr (= 0.984) between the cal-
culated AM1 and experimental values is found. The

slope of the line is 1.11, and the largest deviations, for
PhNCOMe and (CE5CO, are for points where the
experimental electron affinity was not directly mea-
sured, but rather estimated from the gas phase
acidity and bond strengths of questionable accu-
racy, using an inversion of Scheme 1. If those
radicals with EAs derived from Scheme 1 are
excluded, the remaining 12 points have a slope of
0.99 + 0.10, an intercept within a standard devia-
tion of zero, and = 0.950. Itthus appears that both
ab initio and semiempirical calculations vyield rea-
sonable enthalpy values.

Are the temperature effects found here small
enough to be negligible with respect to the other
uncertainties in the values obtained from Scheme 1?
The available data are presented in Table 3. Itis clear
that in most cases it is the uncertainty in the BDE that
is the largest factor in the uncertainty of the absolute
acidity [21]. The discrepancies calculated here are
smaller than the uncertainties for all the acids except
H./D,, water, and the hydrogen halides, plus a few
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Table 3

Enthalpies of acidity from Scheme 1

Acid AH EA(A)° Ref. BDE(A—H)° Ref.
D2 402.3+ 0.0 17.4+ 0.0 22 105.0t 0.0 20
H2 400.4+ 0.0 17.4+ 0.0 22 104.2+ 0.0 20
HI 314.3+ 0.0 70.5+ 0.0 23 71.3+ 0.0 20
D,O 3912+ 0.1 42.1+ 0.0 24 119.7£ 0.1 20
H,O 390.7+ 0.1 42.1+ 0.0 24 119.3+ 0.1 20
HBr 3235+ 0.1 77.6+ 0.0 25 87.5+ 0.1 20
HCI 3334+ 0.1 83.3£ 0.0 26 103.2£ 0.1 20
H,Se 342.6+ 0.2 51.0+ 0.0 27 80.1+ 0.2 28
HONO 340.2+ 0.2 52.4+ 0.1 29 79.1+ 0.2 20
HF 371.6x0.2 78.4+ 0.0 25 136.4- 0.2 20
H,C=0 393.5+ 0.7 7.2+ 0.1 30 87.1+ 0.7 31
CH, 416.7+ 0.8 1.8+ 0.7 32 104.9+ 0.3 33
SiH, 3728+ 0.8 324+ 0.3 34 91.6+ 0.8 35
CH,CH=0¢ 389.8+ 0.9 9.8+ 0.9 36 85.9+ 0.4 37
H,S 350.7+ 0.9 53.4+ 0.0 38 90.6+ 0.9 20
NH, 404.2*+ 0.9 17.9+ 0.9 39 108.5- 0.3 20
EtOH 378.3= 1.0 39.5+ 0.2 40 104.2£ 1.0 37
Toluene 380.6- 1.0 21.0+= 0.1 41 88.0+ 1.0 37
HSCN 3253+ 1.1 81.6+x 0.1 42 933+ 1.1 43
MeOH 3818+ 1.1 36.2+ 0.5 44 104.4- 1.0 37
(CH,=CH),CH, 369.2+ 1.2 21.0+ 0.7 45 76.6+ 1.0 46
iPrOH 375.9+ 1.2 42.4+ 0.7 47 104.7£ 1.0 37
Cyclopentadiene 3536 1.3 41.2+ 0.5 48 81.2+1.2 49
nPrOH 375.7+ 1.3 41.3+ 0.8 47 103.4- 1.0 37
CH=CHCH, 389.1+ 15 11.1+ 0.2 50 86.6+ 1.5 51
Me,S 390.2+ 15 20.0+= 1.2 52 96.6+ 1.0 53
PH; 363.7+ 1.6 29.3+ 0.2 54 79.4+ 1.6 20
tBuOH 374.6x 1.6 441+ 1.2 47 105.1+ 1.0 37
Thiophenol 335.6- 1.7 57.0+ 1.4 55 79.0+ 1.0 56
tBuCH,OH 3714+ 19 445+ 1.2 57 102.3+ 1.5 37
HOOH 375.6+x 2.1 25.1+ 0.1 58 86.9+ 0.7 20
CH2=C(Me)CH3 387.0+ 2.0 11.6+ 0.1 50 85.0+ 2.0 59
CH2=C=CH2 380.0x 2.0 21.2+ 0.2 60 87.6+ 2.0 37
HCN 348.3+ 2.0 89.1+ 0.1 42 123.8£ 2.0 37
MeSH 357.6+ 2.0 43.1+ 0.3 52 87.1+ 2.0 61
Phenol 348.1+ 2.0 52.0+ 0.1 41 86.5+ 2.0 62
SiMe, 390.9+ 2.0 21.9+0.3 63 99.2+ 2.0 64
PhCOCH 359.0+ 2.1 47.6+ 1.8 65 93.0+ 1.0 66
HN, 3439+ 2.2 63.7+ 1.0 67 94.0+ 2.0 66
EtCOCHMe 362.8+ 2.3 38.8x 1.2 65 88.0+ 2.0 68
iPrCOCHMe 364.8+ 2.3 33.8x 1.2 65 85.0+ 2.0 68
CH,CO,Me 364.7+ 24 415+ 14 65 92.6+ 2.0 69
HSIF; 3457+ 25 68.0+ 2.3 70 100.1= 1.0 64
Me;GeH 363.4+ 25 319+ 0.7 71 81.7+ 2.4 72
tBuCOCH, 365.1+ 2.5 425+ 15 65 94.0+ 2.0 68
GeH, 356.0+ 2.7 40.1x 1.0 73 82.5+ 2.5 74
Heptatriene 364.8 3.1 29.3+= 0.7 45 80.5+ 3.0 75
HNCO 340.9+ 3.8 83.2+ 0.1 42 110.5+ 3.8 76
Phenalene 350.2 3.8 247+ 2.3 77 62.0+ 3.0 78
TeH, 332.0+ 4.6 48.5+ 0.3 79 66.9+ 4.6 80

aEnthalpy of acidity from Scheme 1, kcal mdl

b Electron affinity, kcal mot?, from listed reference.

¢ Bond dissociation energy, kcal md}, from listed reference.
d Aldehydic hydrogen is the acidic one.
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others. The net effect is that the acidities from Scheme

1 appear to be slightly too weak.

3. Conclusions

J.E. Bartmess et al./International Journal of Mass Spectrometry 195/196 (2000) 215-223

DeFrees, J. Baker, J.J.P. Stewart, M. Head-Gordon, C. Gonza-
lez, J.A. Pople, Gussian 94, Revision C.3, Gaussian Inc.,
Pittsburgh, PA, 1995.

[13] J.A. Pople, J.S. Binkley, R. Seeger, Int. J. Quantum Chem. 10
(1975) 1.

[14] (a) J.A. Pople, R. Krishnan, H.B. Schlegel, J.S. Binkley, Int.
J. Quantum Chem. 13 (1979) 325; (b) K.S. Pitzer, Quantum
Chemistry, Prentice Hall, Englewood Cliffs, NJ, 1961.

The basic thesis that Scheme 1 contains a self- [15] w.J. Hehre, L. Radom, P.V.R. Schleyer, J.A. Pople, Ab Initio

canceling effect to make it temperature independent,

is supported by both ab initio and semiempirical

Molecular Theory, Wiley, New York, 1986.
[16] QCPE 455, Quantum Chemistry Program Exchange, Indiana
Univ., Bloomington, IN 47405.

calculations. For most of the species examined, the [17] m.3.S. Dewar, E.G. Zoebisch, E.F. Healy, J.P.J. Stewart

temperature effect found is less than the known
uncertainties for the individual steps in Scheme 1.
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